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ABSTRACT 
This thesis describes the theory, development and applications of laser beam 
characterisation for industrial laser materials processing systems. Descriptions are given 
of novel forms of beam diagnostic systems and their integration into highly automated 
industrial tools. Work is also presented that has contributed to the new ISO standard on 
beam characterisation. particular emphasis is given to excimer laser applications and UV 
micromachining. 
There are many laser applications that involve using both the near and far field intensity 
distributions of the beam. The irradiance distribution of a laser beam can be characterised 
by the spatial distribution of the irradiant power density (peak or time averaged 
power/area) with lateral displacement in a particular plane normal to the direction of 
propagation. Characterising the size and shape of these distributions is becoming 
increasinglyirnportant for a growing number of industrial and scientific laser applications. 
The development and application of laser beam diagnostic systems for industrial systems 
and real world measurement problems is described. 
International standards are currently being derived that address the measurement and 
testing of beam divergence, size, irradiance and phase distribution. Descriptions are given 
of experiments performed to support these emerging standards, together with new 
approaches to noise reduction and profile measurement. A commercial beam diagnostic 
system developed by the author is described along with a number of key applications for 
excirner laser beam profiling. In particular the first use of in chuck beam profiling for 
characterising excirner lasers and the design of systems for measuring high aspect ratio 
line beam profiles is reported. 
'. ,~ 
Laser based micromachining using excirner lasers has been well established in many 
industrial processes, covering a broad range of applications from drilling ink jet printer 
nozzles to annealing amotphous silicon flat panel- displays. Descriptions are given of 
several new machining systems and applications. 
Keywords: Laser, Excirner, Beam characterisation, Micromachining, Beam propagation 
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IntroductlOlI 
CHAPTERl 
GENERAL INTRODUCTION 
1.1 Background 
On entering this field some 15 years ago little was known about the spatial profile and 
propagation characteristics oflaser sources outside of the research lab. Today advanced 
beam characterization equipment is becoming a standard addition to many industrial 
laser machines and now laser beam profilers are as commonplace as laser power meters 
in a service engineer's toolkit. The driving force behind this transformation has been 
the need to accurately quantifY how laser energy is coupled to the work piece and its 
subsequent material interaction; these processes can be very sensitive to spatial beam 
profile. As laser materials processing have been driven into mainstream applications 
ranging from robotic seam welding for the automotive industry to corneal sculpting, It 
has an increasing influence on our daily lives in a world dependent upon hIgh 
techIiology. Perhaps few people realize that the latest generation of microprocessors 
that power their PC's can only be fabricated using laser based Deep UV lithography, 
that the photographic print quality of low cost inkJet printers would not be possible 
without UV laser micro machined printer heads, or that several hundred thousand 
people in the world have greatly improved eyesight thanks to UV laser corneal 
sculpting. The success of all these applications on an economic industrial scale relies 
crucially on the ability to measure and control the spatial profile of the laser beam. 
The laser was invented some 40 years ago [1] and has been used as a serious industrial 
tool for only about the past 30 years, finding its first industrial use in the automobile 
industry in 1969 [2]. During this time great advances have been made both in the 
design of lasers and their range of applications. Like many new techIiologIes the first 
industrial systems were quite simple, and once set up the laser system would require 
adjustinent only at service intervals by specialist staff. However in modern industrial 
laser systems the laser is treated just as another manufactliring tool. Hence the 
requirements placed upon modern laser systems in terms of operating reliability, 
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stability and quality are greater than ever before. To this end there is a need for 
sophisticated beam characterisation techniques, process control and monitoring for both 
for the set up, maintenance and on line operation of industrial laser systems. 
1.2 Laser Materials Processing 
Resistor trimming was one of the first large scale applications for solid state Nd: Yag 
lasers [3]. It was a major leap forward for the electronics industry, leading to the low 
cost fabrication of Analogue to Digital and Digital to Analogue converters that form a 
key component of digital electronic systems. Laser marking using Nd :Yag and CO2 
lasers has an enormous range of applications, and is now widespread from marking 
aircraft cables, Silicon wafers, surgical implements, and keyboards [4) . 
Fig 1.1 Excimer laser 
Tool for processing 
Multi Chip modules 
used in super 
computers. 
Laser soldering involves using fast galvanometer beam deflection with two separate 
heads working independently to increase speed [5]. Of course CO2 laser cutting is 
widely used in the sheet metal industry, and a wide range of materials can be cut, e.g. a 
3kW TEMoo C02 laser can cut in excess of 28mm of steel [6). Furthermore laser spot 
welding is used extensively in applications as diverse as car body fabrication to making 
razors [7). 
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Excimer lasers were invented in 1975 [8] and their application in laser ablation soon 
fo llowed [9]. They now have diverse applications such as Silicon annealing for TFT 
display fabrication, the drilling of ink jet printer nozzles, DUV lithography, biomedical 
devices and via hole drilling [10]. Figure 1.1 shows an excimer laser tool designed to 
process multi chip modules for super computers, and figure 1.2 shows an example of 
excimer laser ablation. 
Fig 1.2. Human hair (supplied by the author), micromachined by excimer 
laser with 40 urn square apertures 
1.3 The importance of beam profile 
The beam intensity distribution (spatial beam profile) is a major variable for many 
processes. This is in part due to the non-linear properties of laser materials interaction, 
beam uniformity being critical to ablation and annealing process and beam shape to 
cutting and drilling applications [1 1] . Allied to beam profile is the determination of 
propagation constants that allow the prediction of the beam intensity profile along the 
path ofthe beam. This can also have a critical effect on the shape of the beam waist and 
hence depth of focus which in turn affects keyhole formation and cut quality [12]. 
1.4 The development of beam diagnostics 
Early attempts at measuring high power laser beam profiles involved taking surface and 
volumetric bum imprints in various materials including paper and brick [13]. Further 
enhancements led to the use of acrylic blocks for assessing CO2 laser beam profiles, 
though care had to be exercised because of the production of toxic fumes. 
12 
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An example of a profile recorded in acrylic is shown in figure 1.3. Incandescent mode 
plates made from graphite and other special materials and coatings have also been used 
to visualise beam profiles. 
Fig l.3. An acrylic bum. A 
technique sti ll used for 
evaluating high power CO2 
laser beam profiles 
With the development of suitable photo diodes and pyroelectric detectors, electronic 
methods were developed in conjunction with mechanical scanners such as Nipkow 
disks [14] and spinning needles [15]. These devices use a single point detector and 
typically produce a readout on an oscilloscope, with little in the way of data analysis 
or visualisation. An example is shown in figure 1.4. 
Fig 1.4. 3D plot of laser beam 
profile on an Oscilloscope, 
from an Exitech P256D 
system. The world's first 
commercially available UV 
laser beam profiler. 
The availability of Silicon photodiode arrays and CCD cameras in the early 1980's 
revolutionized real time spatial beam profiling for visible and UV beams. A full two-
dimensional intensity map of the beam profile could be acquired within 20 ms using 
such devices [16]. Coupled to newly developed video digitising electronics and frame 
13 
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grabbers, computer analysis of beam profiles was now possible. The arrival of 
relatively low cost personal computers and software development platforms enabled the 
development of the first commercial instruments. Figures 1.5 a & b, show examples of 
instruments developed by the author. Figure 1.6 shows a beam sampling unit for 
excimer lasers. 
14 
Fig 1.5a 
The Exitech P256 
NG, PC based 
Laser beam 
profiling system. 
Fig 1.5b 
The Exitech 
P256D. The first 
commercially 
available UV Laser 
beam profiling 
system. 
IIlI ro(/II('I ion 
Fig 1.6. Exitech beam sampling interface unit 
for excimer lasers 
These instruments would typically provide effective beam visualization (2D false 
colour maps, Isometric 3D intensity plots), as shown in figure 1.7. 
Fig 1.7 
3D Intensity plot of a 
Gaussian laser beam 
profile, taken with 
P256 software 
developed by the 
author. 
These devices were further enhanced by the development of 2D pyroelectric arrays 
[17], which allowed for the first time, real time profiling of CO2 lasers at 10.6 urn. 
The latest systems now use high dynamic range CCD detectors with extended spectral 
responses. The improvement in availability of low cost IR sensitive arrays such as 
bolometer devices now enable the integration of beam diagnostics into CO2 laser tools. 
IS 
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1.5 Laser beam characterisation 
This subject has grown in prominence over the past few years and is now a well 
developed field with yearly conferences to discuss new developments. The subject 
draws a mix of both academia and industry. There are at least 7 optical parameters that 
describe a beam [18]. The key parameters of interest in materials processing relate to 
the intensity distribution and pointing stability. Of these typically the beam uniformity 
(of a top hat profile) will be of greatest importance for excimer laser applications, 
where as for a Nd:Yag laser used for drilling, the beam shape will be of greater 
importance. 
Beam PIOIo1", IMA 5001 
Figure 1. 8. Beam analysis software. 
An evolving ISO standard is under development [19] that deals with both intensity 
profile and propagation parameters. An example of the latest beam analysis software, 
developed by the author is shown in figure 1.8. 
16 
/1/1 rodllc/ iUII 
1.6 Laser beam propagation 
Although the near field intensity distribution is the most important parameter affecting 
materials processing tasks the behaviour of this distribution through the beam waist can 
also affect processing results particularly when cutting or drilling. 
A full analysis of the parameters involved in characterizing a beam waist would be 
somewhat unwieldy and complicated; however the universal propagation constant M2 
proposed by Siegman [20] goes a long way to redress this problem. Using this single 
measure of beam quality any laser beam can be compared to an ideal Gaussian beam of 
the same diameter and wavelength. So successful has been this measure that it is now 
adopted by most laser manufacturers and forms part of the emerging ISO standard. 
However the M2 definition is not without its limitations ([21] Lawrence), in particular it 
has difficulty in dealing with beams with hard edge diffraction (such as laser diodes) or 
for beams with very low coherence (such as excimer lasers). For these lasers alternative 
measures of beam quality are now under development. Beam diagnostic systems 
developed by the author for these applications are shown in figures 1.10 a & b. 
It is because the parameters best used to characterise a beam are both application and 
laser specific that much development work still remains in this field and will continue 
to do so for the foreseeab le future. 
Fig l.l 0 a. Beam propagation analyser 
For high power (2kW) C02 lasers 
17 
Fig 1.10 b. Beam sampling unit for 
high power (1 kW) Nd:Yag lasers 
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1.7 Industrial systems 
Some of the first integrated beam diagnostic systems were implemented in Exitech 
micromachining systems in 1992 [22] by the author. Advanced applications include 
focal plane diagnostics for ink jet nozzle drilling systems, Nd:Yag beam shape 
monitoring for laser marking systems and excimer line beam diagnostics for amorphous 
Silicon annealing [23], as shown in figure 1.11 . 
Fig 1.11 
Experimental tool for 
excimer laser 
annealing of 
amorphous Silicon. 
The marking of ceramic substrates is a typical high value item example, where on-line 
beam monitoring provides assurance that the laser system is operating to specification, 
ensuring consistent production quality and low reject rates, see figure 1.12. 
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Fig 1.12 
Machine for marking 
Ceramic chip substrates 
using a 3 rd harmonic 
Nd:Yag laser, with 
integrated beam 
monitoring. 
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Surface treatment applications using excimer lasers also require beam monitoring. 
Effective laser cleaning requires accurate knowledge of exposure fluence and beam 
uniformity in order to achieve uniform results. A laser tool for this application is shown 
in figure 1.13. 
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1.8 Contents of Thesis 
Fig 1.13 .Tool for excimer 
laser cleaning of Silicon 
wafers, showing integrated 
beam pro filer. 
This thesis summanses a varied body of work that includes conference papers 
presented over several years, covering both laser beam diagnostics and laser 
micromachining. In this context it presents a broad range of topics related to laser 
micromachining systems and the control systems required to maintain consistent results 
in production environments. It is split into eight chapters including this introduction. 
The second chapter briefly describes the history of laser development, resonator design 
and theories on beam propagation. This then leads on to a description of how the beam 
quality factor "M2» is derived and measured in practise. 
19 
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The third chapter concentrates on the analysis of laser beam shape and beam diameter, 
introducing the important concepts of the second moment definition of beam width and 
how the novel use of truncated moments is useful in practical applications for the 
suppression of measurement errors. 
The fourth chapter describes experiments conducted to verify the proposed ISO 
standards on laser beam propagation and profile intensity distribution measurements, 
specifically the measurement of "M squared" for ideal and non-ideal laser sources. A 
number of measurement examples are illustrated on three different types of laser and 
then the results are presented as example beam analysis test reports. The concept of 
threshold beam uniformity is first introduced, a measurement now included in the ISO 
standard for beam profile analysis. 
The fifth chapter describes the implementation of excimer laser beam diagnostics for 
materials processing applications It discusses the best choice of detector and beam 
sampling optics, digitisation electronics and integration into a workstation control 
system and describes the algorithms involved in beam characterisation. Attention is 
also given to the practicalities of implementing such schemes on real hardware. The 
author has developed beam analysis systems used in over 300 practical applications 
world wide, many of them to support new and novel processes. A description is then 
given of a system designed to measure excimer line beam profiles for Silicon annealing 
applications. This includes the first use of an in-chuck profiling system for excimer 
lasers using CCD cameras, which has proved a significant development for enhancing 
the performance of high precision laser processing machines. 
The sixth chapter describes a range of excimer and UV laser micromachining and 
processing applications. Examples are given as to how laser systems for 
micromachining have been designed and implemented in practise using a number of 
novel techniques. A quite different system is also described for the writing of fibre 
Bragg gratings using an excimer laser; this is an application that not only greatly 
benefits from integrated beam profiling and control systems, but would be impossible 
to reliably implement without this technology. 
20 
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The seventh chapter describes the further development and applications of some novel 
industrial laser systems for micromachining. These include descriptions of a combined 
linear stage and galvanometer scanner machine architecture that has been developed for 
micromachining applications. This new machine architecture has been the subject of 
several conference papers and magazine articles. Specific applications include the 
patterning of high density interconnects in Copper films using galvanometer scanners 
and the grooving of mono-crystalline Silicon wafers for solar cell applications. 
The conclusions summarise the results of this work, emphasising its relevance to real 
industrial applications and production processes. A table is presented showing the 
history of development of beam diagnostic systems by the author. It highlights a 
number of first uses of the techniques described in this thesis. 
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CHAPTER 2 
CHARACTERISING 
LASERS AND BEAM PROPAGATION 
2.1 Introduction 
In 1917 Albert Einstein published a now famous paper that described the relationship 
between atomic energy levels and the wavelength of light [1] and from this work he 
postulated that the process of stimulated emission must exist. However it was not until 
1960 with the invention of the Ruby laser by T.H.Maiman [2] that the full potential of 
Einstein's theory was realised. Since then many new types of laser have been developed 
using new materials and principles of operation. Some of the best known types of laser 
are the Helium Neon (HeNe), Neodymium YAG (Nd:Yag) ,Carbon Dioxide (C02) , 
excimer laser and semiconductor diode laser. Almost every day new applications for 
laser radiation are being discovered or developed. The basic construction and operation 
of most types of laser is relatively simple. However in modern industrial and scientific 
laser systems considerable engineering sophistication and theoretical know how lie 
behind these seemingly simple designs. 
2.2 Laser Development 
The first recognizable form of laser was invented Maiman [3] at the Hughes Research 
Laboratories in 1960. As always in science a number of key advances during the 19th 
and 20th centuries contributed greatly to its development. In the mid-nineteenth century 
the behaviour of light was quite successfully described using MaxweII's Equations. 
These are still used to explain macroscopic behaviour, but fail to explain interactions 
on an atomic scale. In particular, these equations predicted the occurrence of the so-
called ultraviolet catastrophe in black body spectra which was not observed in 
practice. This was finally resolved by the German physicist Max Planck, who postulated 
a quantum theory of light [4] .This simple but elegant approach removed the ultraviolet 
24 
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catastrophe and brought prediction and observation once more into agreement. In 1913, 
the Danish physicist Neils Bohr extended Planck's ideas to atomic energy structure and 
was able to explain the absorption and emission spectra of atoms in terms of transitions 
between atomic energy levels. 
Then in 1917 Albert Einstein's important work was published on the interaction 
between atomic energy levels and light [5], which led to the prediction of a hitherto 
unobserved effect. This effect, now called Stimulated Emission, is central to the 
operation of all laser devices. By the early 1930s stimulated emission was actually 
observed in a gas discharge by the German physicist Ladenburg [6]. However the 
potential of Stimulated Emission was not at that time realized as many technical barriers 
existed to impede the fabrication of a laser device. 
However by the mid 1950's the first device was reported utilizing stimulated emission 
by Gordon, Zeiger and Townes (1955) [7]. This device achieved Microwave 
Amplification by Stimulated Emission of Radiation (hence the acronym MASER). 
Following several years of intense debate concerning the possibility of this microwave 
effect occurring at optical or visible wavelengths, the matter was finally put to rest in 
1960 with the invention of the ruby laser by Theodore Maiman. Once the principle had 
been established there followed a decade of intense activity during which most of the 
laser types we know today were established. In particular, the Helium Neon laser was 
investigated and developed by Javan et al. (1961) [8], Neodymium:YAG by Geusic et 
al. (1964) [9], and Carbon Dioxide by Patel (1964) [10]. The only major industrial type 
to be developed outside that decade was the excimer laser [11] in 1976. Since then 
many new laser types have been discovered. The Semiconductor laser diode [12] was 
discovered in the 1960's but has only recently found major applications in both 
telecommunications and materials processing. 
2.3 Laser Resonators and modes 
The simplest laser resonator consists of two plane mirrors facing each other along a 
common axis. If we combine two waves travelling in opposite directions along the 
resonator axis, stable resonance patterns or standing waves occur whenever the 
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separation of the mirrors is an integral number of half wavelengths. The number of half 
wavelengths is the axial mode number of the resonator. For such a plane cavity the 
variation is purely axial, and the modes are known as axial modes. However such 
resonators are seldom used as they are lossyand difficult to align. 
Most practical resonators have curved mirrors. 1n a simple case, both mirrors are 
sufficiently concave to counteract natural diffraction spreading. This also relaxes mirror 
alignment since for small offsets there is always one point on each mirror aligned with 
the other. A side effect of mirror curvature is that the number of standing waves 
depends on the exact path traversed so that, in addition to the axial modes, there are also 
off-axis or transverse modes. For circular geometries these modes are descnbed 
mathematically by the Laguerre - Gaussian distribution function [13]. 
These are usually descnbed as Transverse Electromagnetic or TEMplq for short, 
followed by up to three suffix digits (plq). The three digits refer to the degree of mode 
structure, thus TEMoo is purely axial, TEMlO, has a simple two spot structure in the x 
direction, and in general TEMnn has an n + 1 spot structure. Likewise the second digit 
refers to structure in the y direction. Both x and y structures can be combined, as for 
example TEM31 • Figure 2.1 shows an example of these modes. The x - y type 
description is relevant to lasers where optical asymmetries define an x direction. 1n 
many lasers such asymmetries are weak, and the modes have a circular symmetry. 
Fig. 2.1 TEMoo Gaussian mode 
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For example, TEMol consists of a hollow annular ring centred on the axis. It is not 
unusual for lasers to operate in several modes at once, and in this context the phrase 
'combination of low order transverse modes' is often encountered. An authoritative 
description of the theory oflaser modes and resonators is given by Siegman [14]. 
2.4 Mode stability 
Mode stability within a curved mirror resonator was thoroughly investigated early m the 
course of laser development. A concise and useful description is the stability diagram of 
Fox and Li (1961) [15] where hyperbolic curves are used to represent the limits of mode 
stability. In the region between these curves and the axes, the mirrors refocus light 
periodically and the volume occupied, the so-called mode volume, remains fixed and 
well defined. Resonators lying within these areas are called stable resonators. 
Resonators lying beyond the curves, or in the other quadrants, are called unstable 
resonators. These have their own, totally different type of mode structure in which 
successive reflections never retrace their previous paths. Nd:Yag and excimer lasers use 
stable resonators almost exclusively whereas CO2 lasers use both types. Stable 
resonators are ideal for cases where light is extracted through one partially transmitting 
mirror. 
2.5 Gaussian beam propagation. 
The propagation of Gaussian beams is decribed by the well known equation (2.1). Here 
ro is the radial distance from the axis at which the field amplitude has dropped to Ve2 of 
its peak axial value. Hence the cross sectional beam intensity profile at any point in the 
beam has a Gaussian intensity profile, the width of which changes with distance along 
the z axis. This is the essential form of the Gaussian beam propagation equation as 
shown graphically in fig 2.2. 
Crucially the minimum beam radius ~ or waist occurs at the point where the phase 
front is planar. 
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Equ2.1 
If the axial origin is taken at this waist then the variation in the wavefront radius of 
curvature with distance z can be expressed as Equ 2.2a 
Z2 
R(z) = z+-1L 
z 
Here ZR is the Rayleigh length defined in equation 2.2 b 
The half angle angle divergence of this beam is given by 
Equ2.2a 
Equ2.2b 
Equ2.3 
This is the smallest angular spread that a beam with waist ~ can have. 
It is important to note that the product of the beam waist half width and the divergence 
half angle (~.eD) is only a function of the wavelength of the laser beam, it is 
independent of the the Rayleigh length and the distance from the beam waist. This 
product is an invariant of propagation. Hence as TEMoo guassian beam propagates 
through an optical system the width/divergence product does not change. This fonns the 
basis for the beam quality standard described in the next section. 
2.6 Beam quality and M2. 
The concept ofM2 was developed by Siegmann [16] in the 1980's. The concept defines 
a number for the focussing ability of a laser beam and allows a direct calculation of the 
minimum spot size achievable with any laser and optical setup without prior knowledge 
of other laser parameters. The M2 value represents the ratio of beam waist diameters 
achievable at focus for a "perfect" gaussian beam and a real gaussian beam of the same 
diameter. Hence the theoretical maximum value is M2 = 1 for a "perfect" laser; however 
in reality values of 1.1 or higher are typical of a good TEMoo laser. 
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The derivation of M2 is thoroughly dealt with in ref[l7], and of more concern to an 
industrial user is a simple method for measuring it. But essentially it is described by 
equation 2.4. 
Equ 2.4 
where erxmm is the minimum value of second moment beam radius along the x direction, 
and er,x is the standard deviation of the spatial frequency distribution ofthe beam along 
the x direction. 
This can be done relatively simply for laser beams without hard edge diffraction by 
taking beam diameter measurements using the second moment algorithm (described in 
section 3.3) at different points through the waist produced at the focus of a simple lens 
[18]. This method is described as follows. 
From the coefficients of fit of the beam propagation hyperbola (A,B,C). 
= A+B.z+C.'; 
where d is the beam diameter and z is the detector position. 
120 
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Fig 2.2 Least Squares Hyperbolic fit 
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Figure 2.2 shows points fitted to real data taken from a HeNe laser with a nominal 
TEMoo mode using the least squares method. A number of standard numerical libraries 
exist for this purpose. 
Lens 
Beam Waist 
~---l 
Fig 2.3 The beam waist generated by a lens focussing a 
TEMoo laser beam. 
The waist size, position and M2 can be then calculated as follows from the coefficients 
of the quadratic fit to the propagation hyperbola as shown in figure 2.3. 
Waist position. 
Zw (-B)/(2.C) Equ2.6 
Waist Size. 
d .. = .f( A - (B2)/(4.C) ) Equ2.7 
and 
M2 = (7tl4). ( 0/')..) • .f( A.C - (B2)/4 ) Equ2.8 
Here 0 is the refractive index of air (1.000001) and').. is the laser wavelength. 
These algorithms have been implemented in software by the author as part of the 
Exitech P256 beam diagnostic system. 
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An example of real hardware for a beam propagation analyzer is shown in figure 2.4. 
This unit was developed for a high power CO2 laser installed in a large Trumpf laser 
cutting machine. 
Fig 2.4 : A beam propagation analyser designed for a high 
power (3kW) CO2 laser. Developed by the author it was one of 
the first instruments of its kind. 
The latest generation of propagation analysers use Shack-Hartmann or Shearing 
interferometers and sophisticated image processing techniques to measure the laser 
beam wavefront directly [19]. Thus in principle they can fully characterise the 
propagation characteristics of a beam. 
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2.7 Near field intensity distributions. 
The majority of Nd:Yag and C02 laser processes use the focussed beam, whereas the 
near field intensity distribution is of particular importance for excimer laser materials 
processing for which the near field is almost exclusively used. The intensity distribution 
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Fig 2.5 . The near field beam interaction footprint of a homogenised excimer 
laser beam used for Silicon annealing. 
can be measured directly by using suitable beam sampling optics and imaging devices. 
The author has helped pioneer the use of 2D matrix array cameras in this application, as 
further described in chapter 3. 
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An example of the near field beam profile is shown in figure 2.5. This illustrates the 
concept of interaction footprint which is described in further detail in Chapter 3. 
2.8 Beam Quality and laser processing. 
It is well known that beam parameters have a profound effect on a lasers ability to 
process materials. In scnbing , cutting and welding applications the spot size and mode 
quality have a direct effect on process speeds [20]. This is also true of excimer laser 
processing, where beam uniformity is of critical importance to a number of applications 
including Silicon amIealing and and ink jet nozzel drilling [21]. These effects are 
described in more detail in later chapters of this thesis. 
Machining due to 
thennal degradation 
Cut follows melt and 
beam diameter 
Continuous Laser 
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L 1 [ ..... J 
r---' 
> j 
. " ~. __ ~ ..... ~_J 
Machining due to 
localised evaporation or 
explosion 
Cut follows beam 
pattern and intensity 
profile 
Pulsed Laser 
Fig 2.6 Basic laser material interaction 
However Figure 2.6 shows in very simple tenns the interaction between the laser beam 
and the workpiece. For a continuous laser , such as a C02 laser in a metal cutting 
application, the focussed laser spot will generate a local melt pool. The size and quality 
of the cut is sensitive to both the laser spot diameter at the material surface and the 
properties of the focussed beam waist ( and hence beam quality). 
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For a pulsed laser application such as the excimer patteming of polymer, the beam is not 
focussed and the material is locally ablated by the high instantaneous power of the 
beam. This results in the processed surface being very sensitive to the fIuence profile of 
the laser beam at the material surface as no time averaging occurs. However the 
propagation properties of the beam are less important as the beam is not being used at 
focus. 
There are exceptions to these cases. For example when drilling inkjet printer nozzels , or 
other high aspect ratio structures by excimer laser, the propagation properties of the 
beam are also important, as the beam profile is subject to change as the laser ablates 
along the length of the structure. Conversely when writing tracks on layers of thin photo 
resist using CW Ar+ lasers for CD mastering applications, the intensity profile of the 
beam is of great importance. 
2.9 Summary 
Clearly the laser is a very useful tool for many production processes, however laser 
energy needs to be carefully characterised and controlled if the full benefit of this 
technology is to be realised. How some of the beam parameters descnbed in this 
chapter are measured and characterised is the subject of the next three chapters. The last 
two chapters of the thesis describe practical applications and production laser machine 
tools which incorporate some of these ideas. 
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CHAPTER 3 
CHARACTERISING LASER BEAM INTENSITY 
DISTRIBUTIONS 
3.1 Introduction 
The irradiance distribution of a laser beam can be characterised by the spatial 
distribution of the irradiant power density (peak or time averaged power/area) with 
lateral displacement in a particular plane nOI1llal to the direction of propagation. In 
general, the irradiance distribution will change along the direction of propagation of the 
beam. 
Characterising the size and shape of these distributions is becoming increasingly 
important for a growing number of industrial and scientific laser applications. Indeed 
the measurement of other important beam parameters relating to divergence and 
propagation depend cntically upon the accurate deteI1llination of beam size. 
International standards are currently being derived that address the measurement and 
testing of beam divergence, size, amplitude and phase distribution [I]. 
Some of the current methods used for beam amplitude characterisation usually use the 
nOI1llal (Gaussian) spatial energy distribution as their model and standard statistical 
methods to characterise the beam. This approach is driven by pragmatIsm and 
computational convenience, as such distributions are relatively simple to analyse. While 
for many applications It is assumed that the laser has a Gaussian beam profile, in 
practise this is often not the case. 
For this reason if general methods are to be found for beam amplitude characterisation, 
they should be capable of being applied to all types of laser beam, or at least within 
clearly defined limits The methods discussed in this chapter apply to 2D spatial 
intensity profiles measured using a CCD camera and analysed using RISC and ClSC 
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based micro processors on a personal computer. This type of hardware is now widely 
available at a reasonable cost but suffers from a relatively limited dynamic range 
(200: 1) compared to single point scanning detectors (> 1000: 1). Of particular concern 
are errors due to baseline offset and noise, which can lead to very severe errors in the 
computation of moment and integrated energy. Methods for reducing these errors are 
discussed. 
Shape fitting techniques using polynomials and other algorithms are also discussed. 
While these techniques are not strictly part of the ISO measurement standard they may 
have uses in assisting the alignment and setup of beam delivery optics. 
3.2 Formal Definitions 
The nomenclature and parameters used below are consistent with those defmed in the 
ISO 11 145 document, ''Terminology, symbols and units of measure for the 
specification and testing oflasers and laser subassemblies". 
3.2.1 Local irradiance 
Cartesian axes x, y, z are assumed with the x and y axes being transverse to the beam 
propagation direction along the z-axis. The electric field vector of an electromagnetic 
wave oscillating at frequency m at position (x, y, and z) can be described by 
( ) _ 1. ( ) l[or-{k,x+k,y+k,z}+!1'(x,y,z)] E x,y,z - 2 Eo x,y,z e Equ (3.1) 
Where c(x, y, z) is the wave amplitude, cp (x, y, z) the phase and k,ky and k, the 
appropriate wave vectors. From this definition the local irradiance at position (x, y, z) in 
SI units is given by 
nee 
E(x,y,z) = TE~(X,y,z) Equ (3.2) 
where n is the refractive index of the material at (x, y, z), c is the velocity of light in 
vacuum and EO is the free space permitivity. 
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Hence for a laser beam travelling in the z direction the peak power density at location 
xp , YP are defined as 
Equ (3.3) 
such that E (xp, yp) > E (x, y) for an positions (x, y) through which the beam passes. 
3.2.2 Definition of moments 
The total laser power PH contained in the beam at z is given by the zero order mixed 
moment of the distnbution: 
PH = JJE(x,y)dxdy Equ (3.4) 
For a detector of finite aperture the detector area defines the hmits of integration. When 
using a CCD array detector these linuts are defmed by the rectangle (Xl. YI. X2, Y2) in the 
x, y plane. Where XI. YI is the coordinate defining the top left hand corner of the 
rectangle, and X2, Y2 define the bottom right hand corner. 
3.2.3 Spatial Moments 
The Nth order spatial moments are given by direct analogy to methods used to analyse 
statistical distributions. The properties of beam amplitude dlstnbutions can be 
quantified by taking moments of the power density distribution. The Nth order moment 
ofE (x, y) is defined as 
1 y2x2 
<x'y' >=- I Ix'y"E(x,y)dxdy 
PH ylxl 
Equ (3.5) 
Treating the x and y axis independently, the 1st linear moment corresponds to the 
position of the beam centroid or centre of gravity (xc, Yc). 
Xc =_1 JIxE(x,y)dxdy 
PH 
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Ye =_1 fJyE(x,y)dxdy 
PH 
Equ (3.6b) 
Higher order moments are best expressed as centred moments relative to the centroid 
position. Hence 
<x"y" >c = < (x-xc)"(y-Yc)" > 
The centred linear second moments are therefore 
<x" >c=_I_fJ(x-Xc)"E(x,y)dxdy PH 
<y" >c=_1 fJ(y-yc)"E(x,y)dxdy 
PH 
Equ (3.7) 
Equ(3.8a) 
Equ (3.8b) 
The third linear moment ... < x3 >, skewness and the fourth moment ... < x' >, Kurtosis 
follow in the same way. These higher order moments can be scaled to dimensionless 
quantities Sn by dividing by powers of the second moment. 
s = < Y">c 
Y" " 
Equ (3.9 a,b) 
«y2 >ji 
These are the so-called scaled cumulants and have applications in measuring the 
symmetry and "sharpness" of intensity profiles [2]. 
, 
3.2.4 Derivation of Beam Widths 
For Gaussian statistically normal intensity distributions the second moment is 
equivalent to the variance of the distribution. The standard deviation cr is the square root 
of the second moment. 
Equ (3.10a) 
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The Beam widths !lax, d"y are defined as four times the standard deviations 
dar = 4CTx Equ (3. 1 Ob,c) 
For a Gaussian beam amplitude distribution !lax and d"y correspond to the separatlon 
of the lle2 cut positions of a Gaussian beam and contains 95.45% of the total power of 
the distribution. 
3.2.5 Enclosed Power Radii 
The enclosed power concept defines a beam radius Rs6 within which 86% of the total 
laser power is contained. 
Using Polar co-ordinates, and taking the beam centroid (xc, Yc) as the origin, 
r = ~(x - X.)2 + (y _y.)2 
B=tan- t (y-y.) 
(x-x.) 
Equ (3. 11 a) 
Equ (3.llb) 
For beam distributions that have a rotationally invariant beam width the enclosed power 
can be defined as: 
1 +21r +RI6 
(l--2)·PH = J JE(r,B)drdB 
e 
Equ (3.12) 
o 0 
where R 86 is the 86% enclosed power radius. The enclosed power diameter is defined 
as: 
Equ (3.13a) 
For a Gaussian beam the d86 diameter corresponds to the distance between the lie (36%) 
intensity cut points, and in terms of the moment radius. 
Equ (3.13b) 
41 
C'll11racterlslIlg laser hcalll lIltemm' dlstllhu/lOns 
3.2.6 Beam Uniformity 
To define beam uniformity the average irradiance is defined such that 
)'2.1'2 
f fE(x,y)dxdy 
E = .!.y'~x~' ::::-::--__ _ 
eve )'2.1'2 
f fdxdY 
Equ (3.14a) 
)'1.1'1 
Then the beam unIformity U corresponds to the standard deviation of the irradiance 
distribution. 
,2.1'2 
f f(E(x,y)-Ea .. Ydxdy 
U =_1_ "y!:.!.'.!:x,'--_-,-____ _ 
E.... Tldxdy 
Equ (3. 14b) 
)'lxl 
By analogy to the spatial intensity distribution, U2 is the second moment of the 
irradiance distnbution. 
3.2.7 Threshold Power Density 
For practical measurements of distribution parameters, a threshold irradiance ET is 
defined such that the moment and uniformity integrals are carried out only for locations 
(x, y) where E (x, y) > ET. 
Er is expressed as the factor TJ of the peak irradiance of the distribution. 
Equ (3.15) 
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3.3 Numerical Implementations 
The integrals defined in section 3.2 can readily be solved numerically for a set of 
digitised input data within certain restrictions that limit the dynamic range, resolution 
and integration area in the (x, y) plane. 
The algorithms described below are implemented assuming a 256 x 256 square grid of 
data points, digitised to 256 grey levels (8 bits). Each data point corresponds to a pixel 
of the CCD imaging device. An important point to note is that CCD cameras respond 
only to the total energy deposited on each pixel during the integration time of the 
camera, and not the instantaneous irradiance. For CW sources the incident power 
density corresponds dIrectly to the responsivity of the detector in terms of 
(VoltslWatts)/cm2, while for pulsed laser sources the energy density corresponds to the 
detector responsivity in (VoltslJoule)/cm2• 
3.3.1 The Calculation or moments 
If the output of the detector in Volts at (x, y) is defined as A(x, y) and R is the 
responsivity of the CCD detector array in (Volts/Watt)/cm2 , then the moments of the 
power density distribution being measured can be expressed as; 
Zero order ( Total Laser power PH) 
255 255 
PH = IIA(x,y),K1 Equ (3.16a) 
o 0 
First order linear moments (Beam centroid) 
1 255 255 
Xc =-IIx.A(x,y),K1 
PH 0 0 
1 255 255 
Yc =-IIy·A(x,y),K1 
PH 0 0 
Equ (3.17 a,b) 
Second order centred linear moments (variance) 
Equ (3.18a) 
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1 2SS 2SS 
<y2 >c=-LL(Y- y.).2 A(x,y).R-1 
PH 0 0 
The Beam diameters are then given by 
Higher order moments can be defined ID a similar way. 
3.3.2 Calculation of enclosed Power. 
Equ (3. 18b) 
Equ (3.19 a,b) 
In all but well defined irradiance distributions the power content radii cannot be 
computed directly and must be found by radia1ly integrating the distnbution about the 
centroid until a radius Rs6 is found that encloses 86% of the beam power. For radially 
symmetric gaussian-like beams this radius will be found at the Eple intensity cut point 
(36% of peak). 
2. , 
Per) = LLA(r,B).K1 
o 0 
B = tan-I (y- Yc) 
(x-xc) 
r IS increased until Per) = O.86PH 
3.3.3 Beam Uniformity. 
Equ (3.20a,b,c) 
The Beam uniformity U is calculated as the standard deviation of the power density 
histogram distribution 
u= 
1 1 2SS 2SS 
A (256)2 LL(A(x,y)-A ... Y· 
ave 0 0 
Equ (3.21a) 
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where 
1 2SS 2SS 
A"", = (256)2 ~~A(x,y) Equ (3.21b) 
These integrations are usually performed only for pixels above the threshold power 
density 1] Ep ' the value of T) is chosen empirically to simulate the derived beam 
interaction footprint, and is usually above 0.5 for distributions with u::;; 0.1. This 
concept of beam interaction footprint is particularly useful for characterising excimer 
laser beams. 
3.4 Practical Measurement problems. 
When analysing beam profile data taken from CCD arrays a number of measurement 
errors can substantially affect the accuracy of results [3], in particular noise, baseline 
offset and beam sampling distortion. The main source of noise is the CCD array readout 
itself, which can add several counts to the rms noise figure of the system; this degrades 
the dynamic range of the measuring system. 
Accurate determination of the base line offset is critical to beam width measurements, 
especially when measuring Gaussian-like beams that have very broad low amplitude 
wings. The base line offset of a typical CCD camera will drift with time over several 
counts dependent upon ambient temperature, and can severely affect the consistency of 
results. 
Finally beam sampling distortion introduced by beam splitters, imaging optics and 
attenuating filters can have a serious effect on measurement accuracy. Such components 
can introduce geometric distortions of the beam profile, while dust and aperturing 
effects can generate diffraction and interference patterns that increase the optical noise 
on the profile and further degrade the dynamic range. 
3.4.1 Base Line correction 
The simplest method of base line correction is to shield the CCD array from any stray 
source of illumination and by means of viewing a line intensity profile of the array 
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signal, manually adjust the base line to zero. The presence of noise can complicate this 
procedure so it is usual to make a 'best guess' of the correct setting. This technique can 
now be automated using digital image processing. By means of frame averaging the 
effects of noise can be almost completely eliminated and an appropriate base line found 
by taking the mean of the image intensity histogram. The value derived is then 
subtracted from the profile data to correct it. 
For CW laser beams the technique of frame averaging can also be used to improve 
measurement accuracy. The signal to noise will improve as .,In where n is the number 
of frames averaged, up to the fundamental level imposed by the digitisation process 
itself, which for an 8 bit digitiser is 48dB. 
For pulsed laser sources the use of frame integration is not usually appropriate. 
Moreover the base line is liable to drift over time due to thermal effects, and requires 
constant recalibration 
An alternative approach is to use histogram analysis of the beam intensity distribution to 
determine the base line. This can be carried out continuously for all profile data and 
provides a potential method for tracking the base line in real time. 
3.4.2 Sampling window truncation. 
The use of sampling windows to truncate the range of input data is a common technique 
in digital signal processing where the so called "Hamming" window is used to limit the 
spectral range when performing Fast Fourier transforms on continuous data. Similarly a 
Gaussian sample window [4] can be used to limit the area of integration. When 
analysing diffracted beams this method conveniently windows out diffraction side lobes 
that would otherwise contribute to the moment integrals. 
The optimum size and shape of the sampling window has to be found empirically 
depending upon the characteristics ofthe beam being analysed. This somewhat arbitrary 
approach could present difficulties in the formulation of a standard that includes this 
method. 
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3.4.3 Energy fraction truncation. 
This involves setting a threshold power density ET, which is expressed as the factor 11 
of the peak power density of the distribution, and then only integrating pixels which 
have a higher power density than ET . 
This technique has been tested for computing excimer laser beam uniformity and 
enclosed power, because it gives an accurate representation of the ''beam interaction 
footprint" [5] .For such calculations the threshold clip level is usually set to 50% or 
higher. Within the limitations of the method it provides a good representation of many 
practical laser power distributions, in applications where the interaction footprint is 
important. 
3.5 Experimental setup 
Measurements were made on an optical bench using an Exitech beam diagnostic system 
with specially modified software that included custom algorithms to change the 
threshold clip levels of the beam analysis calculations. The system was used with a 
windowless Pulnix TM 6 CCD camera .The image from the camera was sampled at 256 
x 256 square pixel resolution and digitised to 8 bits (256 grey levels). The equivalent re-
sampled pixel size was 15,8 urn. The laser beam was sampled directly by the detector 
after suitable attenuation provided by 2mm thick glass ND filters. 
Two different test lasers were used, a 1mW HeNe laser at 633urn and a 5mW laser 
diode at 680um.The HeNe produced an excellent TEMoo Gaussian beam. The laser 
diode produced a highly structured beam with circular diffraction rings. By varying the 
diode current above and below laser threshold the beam symmetry could be changed. 
This is because at currents below the lasing threshold the device behaves as a light 
emittmg diode and emits a different intensity profile. The CCD camera and test lasers 
were mounted on a sliding rail allowing the separation between them to be varied from 
10cm to over 1m, and thus changing the beam size on the detector. The digitised profile 
images were processed on a 486 PC using algorithms written in Turbo Pascal. Beam 
analysis results were then displayed in 256 colours on the computer's VGA screen. 
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Flexible software enabled the resolution, background level and threshold clip level to be 
varied for all of the algorithms during on line beam analysis . Fig 3.1 shows an example 
of the software . 
.Q. Laser Sencc 32 C \berne32W<lglG dt., i!IIIl'ill3 
1102)( 2.998G _ 
lIriZi 2.9065 _ 
Peak Fluence 3,'(0 W/cm2 RESOl"rIDN 256 X 
Fig 3.1. Multimode Spectron Nd:Yag beam profile 
3.6 Discussion 
':,' 
Preliminary experimental results indicated the need for some form of sample window 
truncation before accurate measurements could be made of the beam diameter using 
momentum methods. Without truncation the value of the second moment beam diameter 
can vary dramatically with changes in background level and noise. Typically there can 
be a greater than 50% variation in computed diameter with a 5% variation in 
background level. Using energy fraction truncation variations can be reduced to within 
3% or less with a 5% variation in background. 
The accuracy of resu lts are dependent upon the clip level chosen. Using a value 
corresponding to the Eple2 threshold level (13.5%) a constant error in the calculation of 
the whole beam width is introduced. that is found to vary according to the beam shape. 
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By plotting the variation of second moment beam width against clip level a distinctive 
beam signature is produced that depends upon beam shape. 
It was clear that further experimental work was required to determine the optimum 
algorithms for beam amplitude characterisation. 
SECTIONS: 
X lZeee.6 uM 
Y 1125e.6 uM 
7.3% 
,£I1'.J.."'"&''''' EHEHGY 69.4 % 
EHEHGY 324 "J 
EHEHGY 362 "J 
Fig 3.2 Display from the Exitech Laser Sense beam diagnostic system, 
showing threshold uniformity and beam interaction footprint of an 
homogenised excimer laser beam. 
The author developed the software shown in figures 3.1 and 3.2. It computes a number 
of key parameters, including threshold beam uniformity, enclosed energy and beam 
widths, implementing the ISO compliant algorithms discussed in this chapter. Apart 
from offering useful visualisations of beam shape using false colour intensity maps and 
three dimensional surface plots, it provides qualitative data to assist in the alignment 
and setup of beam delivery systems. 
Figures 3.3 and 3.4 show 3D plots of intensity profiles oflaser beams taken using the 
Hardware described in section 3.5. The plotting and visualisation software is part of the 
Exitech P256C beam analysis system developed by the author 
49 
("/1(Irl/clerisillg laser h('(//I/ illlellsi~\' disll'ihllliol1s 
Fig 3.3. Near field profile, Spectron SIA04 Nd:YAG laser 
1.064 urn, multimode, 10 mJ per pulse. 
Fig 3.4 Near field profile, Metrologic HeNe laser 633nm, 
5mW CW Gaussian beam profile 
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3.7 Polynomial shape fitting techniques 
Polynomial fit techniques can serve as a useful measure of beam symmetry in laser 
materials processing applications. Work has been done on using both Gaussian fits, 
Hermite polynomials [6] and higher order moments such as kurtosis [7] to characterize 
beam shape and it effects on laser material interaction. This is also particularly 
applicable to the analysis of excimer laser beams, where by linear fittmg to sections of 
the intensity profile, a slope angle can be determined, which can act as a useful aid to 
the alignment of optical systems. 
It is can also be of use in the measurement of symmetry of the mode patterns of lasers in 
the near and far field, where it can act as a tool for optical alignment. Another use is to 
separate the measurement of "surface uniformity" of an excimer beam, from its 
alignment symmetry. 
3.7.1 Polynomial fits 
In order to fit an nth order polynomial function to a line intensity profile of the laser 
beam, a standard set of fitting algorithms is used. These algorithms find the coefficients 
that best represent the polynomial fit of the data points (x, y) using the least squares 
method. The fitting algorithms input a sequence of y values and output a sequence of z 
values. Element z, of the output array z is obtained by using the following formula: 
order 
z, = I. coeftx: i = O,I, ... n -1 Equ3.22 
'.0 
The mean squared error (mse) is obtained using the following formula: 
0-1 
mse = I.IZ, -yJ In Equ3.23 
.:0 
Here order is the polynomial order, and n is the number of sample points. 
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The algorithm used to find the best curve fit is based upon the Least Squares method. A 
commercial software package by National instruments provided the software analysis 
libraries used to do this. These libraries were integrated into the beam analysis code 
used for these experiments and are descnbed in more detail in reference [8]. 
3.8 Experimental results of fitting techniques 
3.8.1 Linear fits 
These fitting algorithms were applied to a number of different laser beam intensity 
profiles namely a raw excimer beam, a homogenized excimer beam and a multimode 
Nd: Yag beam. The first case considered is using a first order linear fit. The slope angle 
of the fit can be used as a measure of beam symmetry and is particularly useful as an aid 
to excimer beam alignment. Figures 3.5 a & b show the intensity profile of a cross 
section of a 248mn excimer beam. A linear fit has been applied to all points above 50% 
of peak intensity; because the beam is misaligned the profiles are not symmetric and 
exhibit slope angles of 16.1 degrees and -18.6 degrees respectively. 
Although to a human engineer viewing these results this may seem obvious, this 
quantitative data could be used by an automatic control system to adjust the alignment 
of the beam. 
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Fig 3.5a: Linear fit to misaligned excimer beam, 
slope angle -18.6 deg 
Figure 3.6, shows the result when fitting to a well aligned homogenised excimer beam, 
the linear fit slope angle is 0.2 degrees, indicating a "Flat top" and high beam symmetry. 
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Fig 3.6: Linear fit to a well aligned "top hat" 
homogemsed beam. Slope angle 0.2 deg, indicating 
good beam symmetry. 
These techniques are already employed in beam analysis software installed in a variety 
of excimer laser production tools. 
3.8.2 Higher order polynomial fits 
The order of fit to use has been determined purely on an empirical basis, but for most 
cases a 6th or i h order fit appears to give good results. Once the best curve has been 
fitted, the difference between fit and real data can be calculated. This data represents the 
"surface uniformity" of the beam, namely higher order noise and artefacts that are 
separate from the mode structure of the beam and may be intruduced by the optics and 
coatings in the beam path. 
Figure 3.7 shows a sixth order polynomial fit applied to the intenSIty profile of a TEMoI 
HeNe beam at 50% cut points. The fit follows the profile closely; the difference 
between the interpolated fit data and the actual data is also plotted as a second line 
(offset for clarity) below the main plot, and yields "surface uniformity" of 
approximately 1.8% rms with a normalised mse of2.4. 
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Fig 3.7.Sixth order polynomial fit to a TEMol 
HeNebeam. 
Figure 3.8 shows a sixth order fit applied to a typical KrF excimer beam profile. The 
difference between the interpolated data and the real data is plotted and gives a surface 
uniformity figure of 2.1 % rms With a normalised mse of 6.74. The difference between 
the interpolated fit data and the actual data is shown as a second line offset for clarity 
below the intensity plot, and corresponds to the surface uniformity. 
25 ' 
Fig 3.8. Sixth order polynomial fit to the cross section of a 
raw KrF excimer laser profile. 
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Figure 3.9 shows the beam profile of the excimer laser used in this test. Excimer beams 
often have fine surface structure superimposed upon the main beam profile. Whereas 
the beam shape can be homogenised to provide a flat top profile as in fig 3.6, this 
process will not change the fine surface structure. Using the results of the polynomial fit 
is a possible method for quantitatively measuring this structure independent of the 
actual beam shape. 
Fig 3.9. Fluence plot of a KrF excimer laser used 
for micromachining applications. 
These algorithms are not specifically included in the ISO standards, but further research 
and testing would be of value. 
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3.8.3 Gaussian fits 
Using Gaussian fits to quantify beam quality and symmetry is well known and many 
commercial beam diagnostic systems offer this feature [9). This type of fit offers a 
useful visual indication of beam symmetry and shape. However care must be taken not 
to interpret results as an indicator to absolute mode quality and hence beam quality (as 
given by M2). This measurement technique should be used only to characterise near 
field profiles. Figure 3. 10 shows an example of Gaussian fitting software. 
UERTICAL 91 FWHM WIDTH 4706 uM 
Fig 3.10: Example display of Gaussian shape 
fitting software written by the author. 
3.9 Discussion of fitting techniques 
Using shape fitting algorithms are of benefit when aligning optical systems as they can 
give a· meaningful measure of beam symmetry. They are not a replacement for true 
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beam propagation measurements such as the evaluation of M2 . In the past Gaussian fits 
have been used as a measure of beam quality for TEMoo beams, these can yield 
misleadmg results. There is scope for further work on this topic, particularly as an aid to 
automatic beam aligurnent. 
3.10 Conclusions 
In this chapter a variety of methods for the measurement of beam shape have been 
described. Of particular note is the development of the concept of threshold beam 
uniformity, which is explored in further chapters and has now become part of the ISO 
standard for laser beam characterisation. 
Polynomial shape fitting techniques have potential in aiding automatic beam alignment 
and characterisation systems. By providing a quantitative measure of beam synunetry 
and by revealing beam surface structure they may be used to measure degradation 
arising from optics and coatings in beam delivery systems. 
A number of newer image analysis techniques warrant further study. The use of Fourier 
transform and wavelet methods could be useful for analysing noise due to optical 
interference in the beam profile. Fractal analysis is already used in the evaluation of 
surface texture; it may be of some use in analysing intensity profiles. Advances in the 
processing power of desktop computers, enable ever more complex analysis algorithms 
to be used. 
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CHAPTER 4 
TESTING OF THE DRAFT ISO STANDARDS FOR 
BEAM PROPAGATION AND INTENSITY PROFILE 
MEASUREMENT 
4.1 Introduction 
International standards are currently being derived that address the measurement and 
testing of beam divergence, size, amplitude and phase distrIbution of laser beams. 
Descriptions are given of experiments perfonned to support these emerging standards, 
together with new approaches to noise reduction and profile measurement. Experiments 
are carried out to test some of the recommendations on beam characterisation as 
described in the ISO standards documents; CD 11 146,'Optics and optical instruments, 
Test Methods for laser beam parameters: Beam widths, divergence angle and beam -
propagation factor, and CD 13694,'Optics and optical instruments, Test Methods for 
laser beam parameters: Power (Energy) Density distribution.' These documents have 
been developed to meet the growing need to provide calibration references and 
standardised algorithms for commercial beam profiling equipment. The results from 
these trials were presented at international conferences and have played a part in the 
development of the standards. 
4.2 Testing the draft ISO standard for beam propagation 
measurement. 
There has been much theoretical study and modelling of Gaussian beam propagation 
using ideal Gaussian beams, and a consistent and useable measure of beam quality has 
been proposed by Siegman [1] based on the invariance of the space beam width product. 
The strength of using this approach to characterise the propagation ofJaser beams is that 
it may then in theory be extended to characterise a wide range of beams. The method 
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relies on the Fourier transfonn relationship between the intensity distribution of a beam 
and it's spatial intensity distribution at the focus of a lens. 
According to this theory the propagation constants of any beam can be derived so long 
as the beam width is calculated using the square root of the variance of the spatial 
intensity distribution, the so-called second moment definition. Beam widths calculated 
in this way then confonn to the hyperbolic propagation law. Hence fitting the beam 
width to a hyperbola yields results for the size and location of the beam waist from 
which the propagation constants can be derived. Although theoretically elegant this 
approach suffers from a number of drawbacks that hinder its practical implementation. 
A particular problem is the calculation of moment integrals in the presence of optical 
and electrical noise. Due to the square law weighting of the integral, small variations in 
intensity far from the beam centroid can give large errors in the calculation of beam 
widths. Moreover for beams containing a large diffracted component the moment 
integrals can oscillate unpredictably in both the near and far fields unless suitable 
windowing or truncation of the integral is perfonned. 
The approach adopted in this experiment is to limit the range of integration by 
introducing variable intenSity clip levels to reduce the area of integration. The effect of 
clipping on the calculation of propagation constants is then tested for three different 
laser beams using a reference lens placed at different distances from the laser aperture. 
4.2.1 Calculating beam widths using moments 
If the output of the detector in Volts at (x,y) is defined as A(x,y) and R is the 
responsivity of the CCD detector array in (VoltslWatt)!cm2 and assuming that the 
profile data is digitised as a 256 x 256 square pixel array, then the moments of the 
power denSity distribution being measured can be expressed as: 
Zero order ( Total Laser power PH) 
255 255 
PH = LLA(x,y)R-1 Equ (4.1 a) 
o 0 
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First order linear moments (Beam centroid) 
1 'ss 'ss 
Xc =-IIX.A(x,y)K1 
PH 0 0 
1 'ss 2SS 
Ye =-IIy·A(x,y)K1 
PH 0 0 
Second order centred linear moments (variance) 
Equ (4.1b,c) 
Equ (4.2 a,b) 
1 2SS 2SS 
< x' >e= -II(x-xe).' A(x,y)K1 PH 0 0 
1 'ss 'ss 
<y' >e=-II(y-Ye).' A(x,y)K1 
PH 0 0 
The Beam diameters are then given by 
Equ (4.3 a, b) 
Higher order moments can be defined in a similar way. 
All of these summations are carried out over the full dynamic range of the detector. 
Calculations using real beams are highly sensitive to the effects of baseline offset and 
background noise. In order to overcome these problems limits are imposed on the range 
of integration. 
4.2.2 Truncated and Reduced Moments 
Of great importance to the computation of moment integrals is the proper selection of 
baseline offset and spatial limits of integration in a self-consistent manner. Several 
authors [2] & [3] have evaluated and compared moment and 'power in bucket' methods 
of calculating beam widths using somewhat arbitrarily set integration limits and clip 
levels. For practical instrumentation these procedures must be carried out automatically 
and consistently. For this reason it is necessary to develop and test algorithms for 
automatic baseline compensation and integral truncation. 
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4.2.3 Using Histogram analysis to find baseline offset. 
The basic histogram summation is as follows 
H [I] = Ly Lx I(x,y) Equ (4.3) 
Where I(x,y) is the local intenSity at each pixel site and H[I] is the beam intensity 
histogram .. 
Reducing the summation to an intensity histogram is computationally convenient 
because several parameters may be derived from it without re-computation. From 
analysis of the beam intensity histogram H[I] the background count level can be 
calculated by examining the first peak count of the histogram. Assuming that the beam 
profile does not fill more than about 80% of the detector area the lowest peak count can 
be used as a reliable measure of background. 
Due to noise and sensor fixed pattern non unifonnities, the background peak will never 
be a singularity but a truncated Gaussian-Iike distnbution which can present difficulties 
in precise background detennination and can particularly influence results when using 
area summation algorithms that are sensitive to noise. Under such circumstances it may 
be desirable to set a fixed offset clip level above the background distribution [4], thus 
ensuring unambiguously that there is no false contribution due to background noise in 
the moment mtegratlOns. 
Once the background Is has been detennined, the total integrated power can be 
calculated by summing the histogram as 
With this method the total beam power above a defined clip level can be calculated. 
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4.2.4. Calculation of a Moment Histogram. 
Similarly the moment integral may be reduced in a similar fashion to a histogram such 
that: 
Mx"[I] = Lp Lx I(x,y) (x-x.)" Equ (4.6) 
Then in order to calculate the reduced moment 
P .. k 
LMx"[I] 
n Clip 
< X > cl,pc = -=;;P .. =k~-- Equ(4.7) 
LH[I] 
Clip 
Other moments and higher orders can be evaluated in a similar manner. In this form the 
values of second moment radius for different levels of clip can be easily evaluated 
without need to completely re perform the integral each time. 
4.2.5 Experimental arrangement. 
The laser source, reference lens and CCD camera were mounted on a 100 cm long 
optical rail. The laser and lens were kept at fixed positions and the CCD detector moved 
for each measurement run. Suitable ND attenuating filters were placed in a holder 
directly in front of the CCD detector. Care was taken to keep all optical components 
scrupulously clean and free from aberration. Piano convex lenses of 50 mm diameter 
fabricated in fused silica were used to generate beam waists in accordance with the 
recommended ISO procedure. The measurement runs were performed for two different 
lens positions for each laser. 
The tests were carried out using a windowless Cohu 4712 CCD camera with agc 
disabled, for low noise and high linearity of response. Three sources were tested. A 1 
mW Metrologic 633 nm TEM 00 HeNe laser,a 5 mW PMS multiline (594,605,611 nm) 
TEM 01 (donut mode) HeNe laser and a laser diode (680 nm) with collimating optic. 
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A video digitiser of 8 bit (256 grey level) resolution and high linearity of better than I 
least significant bit was used to acquire the profile image. The image was digitised into 
an array of 256 x 256 square pixel resolution. Although this digitisation effectively 
under samples the full camera resolution, which is approximately double this value, for 
the purposes of this experiment the resolution is adequate and computation ally 
convenient 
4.2.6 Beam Analysis software 
Data acquisition and analysis was carried out using a 486 computer running Exitech 
and Profile 256™ Beam analysis software (see figure 4.1). Custom procedures were 
written in Turbo Pascal to calculate tables of moment widths at different clip levels. 
Particular care was taken to avoid the effects of rounding errors and numerical 
overflow, because during moment calculations numerical values can become very large 
and this can cause some subtle compiler errors. Finally the data was formatted and 
imported into a scientific Mathematics package (Mathematica) for Hyperbolic fitting 
and the calculation of propagation constants. 
UERTICAL 91 FWHM WIDTH 4706 uN 
Fig 4.1: Beam Analysis system 
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4.2.7 Calculation of Moment tables. 
The calculation speed of second moments at different clip levels can be greatly 
improved by computing moment tables. This procedure involves using an algoritlun that 
sorts the results of the moment integrals into a table according to their intensity. 
In this case using 8 bit data the result is a table of 256 values. Once the table has been 
calculated, lists of beam diameters can be calculated for each different clip level. 
4.2.8 Computation of Beam waist Loci aud MZ 
These lists of data were imported into a mathematics package (Mathematica). This 
package then performed quadratic fitting of the data to yield the coefficients of the beam 
propagation hyperbola. Figure 4.2 shows an example of the hyperbolic fit for the TEMoo 
HeNe laser. The coefficients used for fitting were then used to derive beam parameters 
in accordance with ISO recommended procedure [5], an explanation of which was gIVen 
in chapter 2, section 2.6. 
This procedure yielded values for beam waist location, beam waist diameter,M2 , laser 
waist location and laser diameter at waist. 
120 
100 
80 
60 
60 80 85 90 
Fig 4.2 Least Squares Hyperbolic fit 
The beam parameters were then tabulated and plotted as graphs showing their variation 
with increasing clip level. Each increase in clip level corresponds to one digitiser count. 
This was done for all three types of laser beam studied. 
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Typical sets of data are presented on the following pages (Figures 4.3 and 4.4). The data 
for the Laser diode beam is not presented. For this beam there was great difficulty in 
obtaining any accurate hyperbolic fits due to the presence of diffraction maxima around 
the beam waist. Alternative techniques for analysing this type of beam are currently 
being investigated.' 
4.2.9 Results and Analysis 
A study of the graphs in figures 4.3 and 4.4 reveals some interesting characteristics. The 
graphs of waist size and location appear to converge to a relatively stable value at 
higher clip levels exhibiting a 'knee' at lower values of clip level. This behaviour 
corresponds to the effective background of the detector system. The transition to a 
stable value is very pronounced due to the noise sensitivity of the second moment beam 
width calculation. 
The effective background levels for each beam profile were also calculated using 
Histogram analysis. These were 3 levels (digitiser counts) for the TEMoI data and 7 
levels for the TEMoo data. The convergence point for the plots was generally several 
clip levels higher than the background calculated using histogram analysis. 
4.2.10 Beam waist minimum diameter and location. 
The beam waist diameter and location (at focus) plots for both HeNe lasers are shown in 
figures 4.3 c,e and 4.4 b,c. For both cases the value for waist location converges quickly 
to a stable number that then varies less than one percent with increasing clip level. This 
is not a surprising result because the calculated location is dependent upon relative 
beam width and not on the absolute value. The effect of increasing clip level for 
Gaussian beams is to change the absolute beam width but not it's relative value. 
The result for the measured beam diameter shown in figures 4.3d and 4.4d does not 
converge as quickly and exhibits variations in the region of ten percent per level near 
background, and reduces to about three percent per level well above background. 
Both sets of data show a sharp 'knee' above the clip level corresponding to the true 
background count. 
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4.2.11 Ml calculations. 
The M2 plots for both HeNe lasers are shown in figures 4.3b and 4.4a. As can be seen, 
the calculated value for M2 steachly decreases with increasing clip level by several 
percent. This variation is greater than that displayed by the beam width and location 
plots. Interestingly the value for the TEMoo laser drops below unity at a clip level of 10, 
which demonstrates the sensitivity of this parameter to small errors in the beam width 
measurement. 
4.2.12 Beam diameter 
The calculation of second moment beam diameter were performed for both HeNe lasers 
and the results plotted in figures 4.3d and 4.4d. The behaviour of these plots follows 
closely that of the corresponding beam width and location plots, demonstrating a sharp 
knee in the curve then fast convergence to a relatively stable value at higher clip levels. 
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Histogram analysis can be used to find the background level of beam profile data but 
care must be taken in interpreting the background energy distribution and setting correct 
clip levels. Significant variations in the calculated values of beam parameters were 
observed at clip levels close to the estimated detector background level. Clip level nOIse 
suppression is useable for Gaussian-like beam profiles, but results are inconsistent for 
non-Gaussian beams particularly those that contain diffractive components. 
There is a need to explore other window truncation algonthms such as Gaussian 
windowing and perform further extensive experimental testing. Currently we are 
repeating these experiments using lower noise CCD cameras and higher dynamic range 
digitisers. 
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4.3 TESTING THE DRAFf STANDARD FOR LASER BEAM 
POWER AND ENERGY DENSITY DISTRIBUTION 
This section presents results on the experimental testing of characterisation methods for 
laser beam power and energy density distribution as described in draft ISO standards 
ISO 11146 and 13694 . The tests were carried out using various laboratory and industrial 
laser sources. The accurate and repeatable measurement of distnbutions is of particular 
concern. Attention has been paid to background compensation and noise reduction 
methods. Tests were made to calculate beam uniformity, goodness of fit, beam size and 
the higher order moments of beam profile data derived from various CCD array 
detectors. These methods are evaluated in the context of their usefulness for on line 
monitoring, final laser test, and laser R&D. 
Tests were initially performed on a HeNe source, an industnal excimer workstation, and 
an industrial Y AG laser. Inexpensive beam analysis hardware, typical of that available 
to an industrial user was used to obtain the results. 
Some seventeen laser parameters as specified in the standards documents were 
measured simultaneously on line. Temporal variations of these parameters over a period 
of time were then monitored. The data series were stored for each parameter, from 
which the mean, minimum, maximum and standard deviation were computed. These 
results were then put into spreadsheet format and charted in the form of a typical laser 
test report. 
4.3.1 Experimental setup 
The detector system consisted of a windowless Pulnix TM6ex CCD camera coupled to a 
stack of neutral density filters to provide secondary beam attenuation. Pnmary 
attenuation was achieved by the use of beam splitters. Since the active detector area 
uses only 4mm x 4mm it was necessary in some cases to reduce the beam size using 
imaging optics. A typical beam analysis system layout used to collect test data is shown 
in figure 4.5 
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Figure 4.5. Experimental setup 
The image profiles from the camera were digitised using a specially developed video 
digitiser card, which can digitise to both 8 bit (256 grey level) and 10 bit (lO24 grey 
level) resolutions. However the limiting factor to dynamic range is camera noise, so the 
lO bit facility was not used for the main tests. The digitised profile data was analysed 
using custom developed Exitech Laser Sense beam analysis software. This has been 
written using a new 32 bit Pascal compiler (Borland Delphi) which greatly facilitates 
the development of image analysis algorithms by providing a flat address space, easy 
manipulation of huge array structures and optimised code compilation. Running under 
MS Windows, beam analysis data could be exported directly to spreadsheets for further 
statistical analysis and to charting packages for data presentation. 
The software was chosen to reflect the power of the computer platforms now available 
to new industrial users at reasonable cost without redress to specialist computing 
facilities. 
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4.3.2 Simulation 
In order to aid the development of beam analysis algorithms it is very important to test 
their accuracy using simulated 'reference' beam profiles. To this end a beam profile 
simulation program was developed that generates test beam profiles in the same data 
file format used by the analysis software. The data format is 8 bit at 256 x 256 pixel 
resolution. 
Beam profiles can be generated with Gaussian or Tophat profiles. Parameters that can 
be varied include amplitude, diameter, edge steepness and noise. Moreover complete 
profile sequences may be automatically generated in which only one parameter is 
varied. These simulated beam profile sequences were then imported into the beam 
analysis software package and analysed. The results of the beam analysis sequence were 
then stored in spreadsheet format for plotting and further statistical analysis. 
Using this test method beam width calculation algorithms could be tested for their 
accuracy over a wide range of beam diameters, or background compensation methods 
could be tested for their sensitivity to noise. 
4.3.3 Test sources. 
Once the algorithms had been proven using simulated data further tests were made 
using both a laboratory and high power industrial laser source. Two very different laser 
sources were chosen, with the aim of illustrating the usefulness of the range of analysis 
algorithms in the draft ISO standard. 
For the lab tests a Metrologic 2 mW HeNe laser with a nominal TEMoo mode at 633 nm 
was used. The digitiser was run in high-resolution full frame 512 x 512 pixel mode, 
although beam analysis was performed ouly upon a 256 x 256 pixel window centred 
upon the beam. 
The industrial laser source used for on line monitoring was a Lambda Physik LPX 210i 
excimer laser, operating at 248 nm with a KrF gas mix. A combination of beam 
splitters, imaging optics and Inconel coated filters were used to attenuate the beam and 
74 
Tcstlllg of the draft ISO standards 
reduce it in size by a factor of 1 ° so it could be analysed with a UV sensitive COHU 
6712 CCD camera. The digitiser was run in 256 x 256 pixel single field mode, 
synchronised to the laser trigger. The laser beam was analysed both before and after 
beam homogenisation. 
4.3.4 Analysis algorithms. 
The beam analysis equations used are outlined in refs [6], [7] and [8] and the draft ISO 
standards ISO 11146 and 13694. As outlined in the draft standards algorithms to 
implement these equations were then developed to calculate the following beam 
parameters. 
Beam Power : 
1. Beam Power (P) 
2. Effective Power (P.) 
3. Average Power Density (H.) 
Effective Beam sizes: 
6. Azimuth angle ( <I> ) 
7. Widths (d."d.y) 
8. Diameter( dn) 
9. Area(A.) 
10. Irradiation area (AI.) 
Temporal statistics: 
19.Time Average 
20.Std deviation 
Beam Location: 
4. Maximum Location (Xmax,Y max) 
5. Centroid Location (X,Sc) 
Beam shape (Footprint) : 
11. ElIipticity( ~ q ) 
12. Flatness Factor (Fn) 
13. Umformity (Un) 
14. Plateau Uniformity (Up) 
15. Fractional Power (fn) 
16. Edge Steepness (s,O.1 - 0.9) 
17. Goodness of Fit C 
18. Roughness of Fit R 
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4.3.5 Background correction 
It is very important to correct for the effects of digitiser baseline offset and background 
light before performing any beam analysis calculations. This is particularly so for 
calculations involving weighted integral sums such as power and moment calculations. 
The following methods can be used: The analysis system should store a darkfield map 
of the detector with the laser shutter closed. This map should then be subtracted pixel by 
pixel from the beam profile data. 
Average background determination: 
Average at least ten readings taken at evenly spaced intervals over the area of the 
darkfield map of the detector. This value should then be subtracted as a fixed offset 
from the beam profile data. 
Histogram analysis: 
This procedure can be performed directly upon the beam profile data without the need 
to store a background map. The most frequently occurring value in the profile data 
below the mean is found and taken as the background reference. This method only 
works well if the detector area is filled by no more than about 50 % by the beam 
otherwise the background count becomes difficult to distinguish. 
4.3.6 Optimisation and checking. 
The accuracy of the computed background level can be checked using linear 
programming techniques. The simplest method is to compute the ratio of whole beam 
integrals for two different window sizes. If the background correction is exactly correct 
then this ratio will be close to one. In practical situations, due to noise and detector non 
uniformity the ratio should fall within the minimum acceptable measurement 
uncertainty for the application. 
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Ifthe background level is non uniform or is changing with time then it is not possible to 
fully correct it using the methods so far described. In these cases limits need to be 
placed upon the range of integration. 
4.3.7 Choice of integration Limits. 
Once the background level has been corrected there can still remain problems due to 
detector noise and optical background noise. Because these sources of error affect the 
calculation of beam widths and the higher order moments, they are of fundamental 
importance. 
One computational approach to this problem is to introduce a clip level or integration 
threshold (n) [9]. This is defined as a percentage of the maximum energy density 
(Emax). All beam analysis integrations are then performed only on plxels with 
intensities (> nEmax). The effect of this threshold method for integration truncation is to 
transform statistical errors into systematic errors, which are more easily quantifiable. 
Moreover the value of neta can be chosen to reflect an application specific value like a 
material ablation or marking threshold. 
For example in the amIealing of amorphous silicon wafers by excimer laser, the user 
would typically set n to >80 %. On the other hand if the application is to measure the 
spot size of aNd: Yag laser for cutting the user might choose n < 5%. The effect of clip 
threshold on the measurement error of the second moment diameter of a Gaussian beam 
is shown in figure 4.7. 
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The following figures 4.8 a,b,c show results of tests on the variation with threshold level 
of three key beam profile parameters, beam diameter, and effective beam energy and 
Irradiation area . 
Cl> 
::l 
1'3 
> 
"C 
Cl> 
1/1 
1'3 
E 
0 
z 
1 
0.9 
0.8 
• r\"! -ls-Dx 
--.-OV 
-) "\ _Area 
\ _Eenc 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
I- __ 
0 I I I 
0 4 6 8 10 
Threshold (%) 
Fig4.8(a) 
The variation of key parameters with threshold level for a real 
Gaussian beam. Note the sharp 'knee' in the curves at the 
background level. The plot data for Dx IS almost identical to Dy. 
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Alternatively limits can be placed using a spatial aperture of integration. The ISO 11146 
draft recommends integration apertures, which are 2 to 3 times the second moment 
beam width. 
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Other methods, which are not included in the current draft standards, combine the two 
techniques described above. These involve noise filtering techniques and the use of 
weighted Gaussian sampling windows [10]. They are still the topic of research. 
4.3.8 Beam Shape Measurements. 
There are several ways to fit an arbitrary theoretical distribution to a measured one. 
Typically least squares fit techniques can be used to fit Gaussian, super Gaussian and 
top hat distributions. However there is no one correct method of least squares fitting to 
non linear distributions, and each method will give differing results dependent upon the 
levels of background noise and the type of measured data to be fitted. Fits should be 
made to the least squares of the relative deviations, as opposed to the absolute deviation, 
which over weights the wings of the distnbution against the centre. 
A simpler fitting model is to use just three parameters, the measured centroid location, 
beam widths and total beam power to fit the theoretical distribution. This is relatively 
simple and fast to compute. Once calculated the quality of fit, and roughness of fit, of 
the measured distribution can be found. 
The draft standard ISO 13694 also allows for the calculation of beam flatness, edge 
steepness and plateau unifonnity. These are particularly useful for characterising flat top 
profiles such as those produced by an excimer beam homogeniser. Figure 4.9 shows the 
variation of these parameters calculated on a series of simulated excimer profiles. 
Further explanation ofthese parameters is given in chapter 5. 
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4.3.9 Calibration. 
Accurately calibrating the detector is not always an easy task, particularly if there are 
intermediate imaging optics involved. For direct one-to-one imaging applications it is 
pOSSIble to calculate the digitised pixel size of the detector system. In fluorescent 
imaging applications such as those used to characterise excimer laser beams it is 
pOSSIble to calibrate beam size by white light imaging a measurement graticule at the 
test plane. These two methods were used for calibration purposes in this experiment 
For power and energy calibration, after careful background correction it is necessary to 
compute the whole beam integral and divide the power/energy reading from a meter at 
the workpiece by this sum. For an array detector this will yield the grey level per pixel 
responsivity. 
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4.3.10 Discussion 
With careful data analysis it is possible to obtain consistent results despite the 
limitations of detection and beam sampling components. 
Moment integrals can give stable results With high accuracy and sensitivity if proper 
measures are taken to correct for background offset and detector noise. The centroid 
location of a beam can be found to within better than 0.1 pixel accuracy and 0.05 % rrns 
stability despite rrns detector noise being several times this. 
Improvements in algorithms and the falling price of computing hardware are now 
making sophisticated beam analysis possible for routine measurements. 
Figures 4.10, 4.11, and 4.12 show example Laser Test reports on a HeNe laser, excimer 
laser and aNd: Yag laser, presented at the end of this section. Each of the parameters in 
the draft ISO 13694 standard have been measured over time and values calculated for 
mean and standard deviatIOn of these parameters. Values and parameters of particular 
interest to each type of laser have been highlighted. 
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Figure 4.10 Beam Analysis Test reports for a 
commercial HeNe laser 
Laser type : 
Manufacturer : 
Wavelength 
Polarisation: 
Average power: 
Detection plane (z) : 
Laboratory system: 
HeNe 
Metrologic. 
633 nm. 
Circular. 
2mWCW. 
200mm. 
Theta=O. 
Detection system: CeD camera 
Type: PuInix TM6 ex 
o 0 
Properties: {see Manufacturers specification } 
Digitiser resolution: 512 x512 pixel , 
Dynamic range: 8 bit 
Optical arrangement: 
Magnification: 1: 1 
Attenuation: NO filters. 
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Beam shal!e {Foomrint} : Mean StdDev 
Ellipticity( q n) 0.986 0.6% 
Flatness Factor (Fn) 0.18 0.78% 
Uniformity (Un) 
Plateau Uniformity (Up) 0.848 14.9% 
Fractional Power (fn) 0.998 
Edge Steepness (s,O.1 - 0.9) 0.966 0.3% 
Gaussian Fit 
Goodness of Fit C 0.879 1.0% 
Roughness of Fit R 0.11 2.9% 
Threshold (n) 1% 
Background 3 counts 0 
Integration check 1.001 0 
Beam Power : Mean StdDev 
Beam Power (P) 2.10mW 0.23% 
Effective Power (P n) 2.095mW 0.23% 
Average Power Density (Hn) 415mW/cm2 0 
Beam Location: 
Maximum Location (Xmax,Y rnax) 96.9,143.7 pixels 0.3%,0.5% 
Centroid Location <Xc,Ye) 97.6,143.9 pixels 0.05%,0.02% 
Effective Beam sizes: 
Azimuth angle (<I> ) 0 0 
Widths (dn.,dny) 520.7,516.7 uM 0.3%,0.45% 
Diameter( dn) 518.7uM 0.38% 
Effective Area (An) 0.21 mm2 0.73% 
Effective Irradiation area (An') 0.50mm2 0.22% 
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Figure 4.11 Beam Analysis Test reports for a 
commercial Krf excimer laser 
Laser type : 
Manufacturer: 
Wavelength 
Polarisation: 
Average Energy: 
Detection plane (z) : 
Laboratory system : 
Detection system 
Type: 
Properties: 
Digitiser resolution: 
Dynamic range: 
Optical arrangement: 
Magnification: 
Attenuation: 
o 0 
Excimer 
Lambda PhYSlk. 
248nm. 
Unpolarised. 
300 mJ PULSED. 
Mask plane before beam homogenisation 
Theta=O. 
CCDcamera 
Cohu 4712 
{see Manufacturers specification } 
256 x 256 pixel , 
8 bit 
1:10 
EXIU-F interface unit 
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Beam Energy : Mean StdDev 
Beam energy (P) 351 mJ 2.4% 
Effective energy (P n) 262mJ 3.5% 
Average Energy Density (Rn) 1050mJ/cm2 2.1% 
Beam Location : 
Maximum Location (Xm..,Ymn) 90.4,125.2 pixels 18.5%,10.2% 
Centroid Location (Xc,Yc) 122.5,131.1 pixels 0.2%,1.47% 
Effective Beam sizes: 
Azimuth angle (<l> ) -2.2 deg 18% 
Widths (dn.,dny) 7.460,3.967 mm 0.7%,2.8% 
Diameter(dn) 
Effective Area (An) 
Effective Irradiation area (An') 24.9mm2 3.6% 
Beam shal!e (Foo!l!rint l : Mean Std Dev 
Elhpticity( 4 n) 0.53 2.3% 
Flatness Factor (Fn) 0.736 1.9% 
Umfonnity (Un) 169% 1.6% 
Plateau Uniformity (Up) 0.55 43.1% 
Fractional Power (fu) 0.746 3.5% 
Edge Steepness (s,O.1 - 0.9) 0.91 4.1% 
Gaussian Fit 
Goodness of Fit C 
Roughness of Fit R 
Threshold (n) 50% 
Background 6.7 counts 7% 
Integration check 1.056 0.16% 
87 
Te.ltlllg of the draft ISO standards 
Figure 4.12 Beam Analysis Test reports for a 
commercial Nd:Yag laser 
o 
Laser type : 
Manufacturer : 
Wavelength 
Polarisation: 
Average Energy: 
Detection plane (z) : 
Laboratory system: 
Detection system : 
Type: 
Properties: 
Digitiser resolution: 
Dynamic range: 
Optical arrangement: 
Magnification: 
Attenuation: 
o 
Nd:Yag 
Spectron. 
1064nm. 
Circular 
7mJPULSED. 
400mm from output coupler 
Theta=O. 
CCDcamera 
Pulnix TM6 
{see Manufacturers specification } 
256 x 256 pixel , 
8 bit 
1:1 
EXIU-Mini interface unit 
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Beam shal!e (Eoomrint 1 : Mean Std De" 
EIIipticity( .; n) 0.95 2.9% 
Flatness Factor (Fn) 0.22 0.85% 
Unifonnity (Un) 
Plateau Unifonnlty (Up) 0.547 15% 
Fractional Power (fn) 0.998 
Edge Steepness (s,O.1 - 0.9) 0.971 0.14% 
Gaussian Fit 
Goodness of Fit C 0.12 33% 
Roughness ofFlt R 0.39 3.5% 
Threshold (n) 1% 
Background 4 counts 
Integration check 1.17 
Beam Energy : Mean Std Dev 
Beam energy (P) 6.93 mJ 3.7% 
Effective energy (pn) 6.92mJ 3.7% 
Average Energy Density (Rn) 50.1 mJ/cm2 2.8% 
Beam Location: 
Maximum Location (Xmax,Ymax) 123.8,108 pixels 14.9%,0.2% 
Centroid Location (Xc,Y c) 133.4,128.9 pixels 0.25%,1.61% 
Effective Beam sizes: 
Azimuth angle (cl> ) 
Widths (dn.,dny) 2.812,2.965 mm 0.27%,2.95% 
Diameter(dn) 2.89 mm 
Effective Area (An) 
Effective Irradiation area (An') 13.8mm2 1.27% 
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4.4 General conclusions 
The results of the experiments have in general confirmed the validity of the proposed 
beam characterisation algorithms for the ISO standard. However it is clear that careful 
analysis must be done of background and signal noise as this can have a dramatic effect 
on the accuracy of moment and beam width calculations. The concept of reduced 
moments (equation 4.7) is partIcularly useful as a method of noise reduction. 
In practise only a small number of the beam parameters evaluated in this chapter will 
need to be used to characterise a beam, depending upon the type of laser and the 
application. The concept of threshold unifonnity is a great value when characterising 
homogenised excimer laser beams but inappropriate when measuring a TEMoo HeNe 
beam. Similarly, using the second moment method for measuring the width of an 
excimer beam would be inappropriate, as it would not YIeld a physically meaningful 
result. 
The results of this work have been published and presented at conferences (see 
references [8] & [9]) and have provided a contribution to the development of ISO 
standards on laser beam profile characterisation. 
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CHAPTERS 
THE CHARACTERISATION OF EXCIMER LASER 
BEAMS 
5.1.Introduction 
The characterisation of excimer laser intensity profiles is key to the successful 
implementation of several industrial processes that use excimer radiation. In this 
respect, it is one of the first lasers to be accurately quantified in terms of beam shape 
and uniformity. However because excimer wavelengths are short (typically 157 nm to 
351 nm), there are special considerations when designing beam sampling optics and 
image acquisition systems. For this reason excimer laser beam diagnostics is still 
somewhat of a specialist topic worthy of special study and of particular importance to 
industrial applications [1]. 
The author has been responsible for the development of the world first commercially 
available excimer beam diagnostic system, the Exitech P256D, which was launched in 
1988. At the time of writing, over 200 beam diagnostic systems are in use or have been 
integrated into excimer laser processing tools. 
5.2 Beam sampling techniques for excimer lasers. 
On-line beam profile monitoring is very important in excimer workstations. It is 
important to sample the beam accurately whilst introducing the least possible distortion 
and power loss to the beam. Moreover, considerations of cost and complexity are 
important in industrial machines. For beam sampling various methods have been tested 
including the use of very thin fused silica pellicle beam splitters, through mirror beam 
sampling using a high reflectivity mirror, and glass plate fluorescers placed directly on 
the workpiece. 
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5.2.1 Fluorescent converters. 
The basic principle is to use a fluorescent material to convert incident coherent UV 
radiation to broad band incoherent visible radiation .In this form it is easily imaged 
using a CCD video camera with 'off the shelf macro focusing optics. 
The choice of fluorescer material is application dependent. Various doped glasses and 
crystals are available commercially, higher doping giving greater sensitivity at the 
expense of linearity. For excimer applications ordinary glass microscope slides 
(Borosilicate glass) are a convenient choice for non critical applications. All of these 
materials exhibit very good resolution and reasonable linearity over several orders of 
magnitude exposure. This greatly eases the problems of beam attenuation, low fluence 
beams « IJcm-2 ) can be sampled directly and the camera image controlled using the 
lens iris. Some of these materials have already been investigated [2] for use in excimer 
laser applications. 
5.2.2 Material tests. 
Three different glass samples were tested for conversion efficiency, linearity and 
lifetime. Tests were made at 193 and 248 nm over a range of fluences. Conversion 
efficiency is not a problem because of the high level of laser energy available and the 
sensitivity of CCD cameras used to image the fluorescence .Of greater concern is the 
linearity of the conversion process and the optical stability of the material to prolonged 
laser exposure. 
The glass samples were Coming glass, Borosilicate glass (microscope slide), and 
Mihara glass. The glass samples were exposed directly to a homogenised excimer beam 
via a vanable optical attenuator. The resulting fluorescence was imaged onto a CCD 
camera using a macro-focusing lens and the profiles analysed using P256 beam analysis 
software. The experimental setup is shown if figure 5.1. 
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Fig 5.1 
Setup using CCD 
camera with 
zoom lens and 
Fluorescent 
converter. 
The linearity plots figures 5.2a,b,c show the variation of fluorescent output with 
incident energy for the different types of glass 
Borosilicate glass 
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Figure 5.2a 
Response curve for 
Borosilicate glass 
(Microscope slide). 
Figure 5.2b 
Response curve for a 
Mihara glass plate. 
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Figure 5.2c 
Response curve for a 
Coming glass plate. 
As can be seen from the graphs reasonable linearity is exhibited by all of the samples. 
Lifetime testing was then perfonned by exposing the sample materials to 10,000 or 
20,000 shots of 248 nm radiatIon at 330 mJ/cm2 over a 7 x 7 mm square. The output 
unifonnity of each sample was then measured and comparisons made. The results are 
shown in table 5.1. 
Sample Shots Fluence 
(J/cm2) . 
Dose (kJ) Sensitivity reduction 
Connng Glass 20,000 0.33 6.6 Not measurable, 
within experimental 
uncertainty 
Borosilicate glass 10,000 0.33 3.3 11% 
(microscope 
slide). 
Mihara glass 20,000 0.33 6.6 Not measurable, 
within experimental 
uncertainty 
Table 5.1. Surnmaryofglass fluorescertests 
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In these tests the Borosilicate glass perfonned poorly while the other two samples gave 
excellent results. Further long tenn exposure tests at higher fluences and different 
wavelengths will be perfonned in due course. For critical applications the Mihara plate 
gives the best cost /perfonnance compromise. An example of an excimer beam profile 
taken using this technique is shown in fig 5.3 
o 0 
Figure 5.3. KrF Excimer profile taken using a Mihara glass 
fluorescer plate, from a system used for Silicon doping with 
beam size control. 
5.2.3 Pellicle Beam splitters. 
Exitech also uses thin (400 /Lm) fused silica AR coated pellicle beam splitters for in line 
beam sampling. The advantage of these is that they create minimal deviation of the 
beam as compared to using a traditional prism beam sampler. The back surface of the 
pellicle is anti reflection coated, leaving a 'ghost' image of about 5% of the front 
surface reflection overlaid onto the main image with approximately a 200 /Lm shift. In 
practical tenns this is rarely a problem, but can give some difficulties when examining 
very small beams and fine detail on an imaging mask. The total sampled beam is about 
4% of the main beam intensity. 
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interface unit 
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Figure 5.4. Excimer laser beam interface unit, with pellicle 
splitter. 
The wafers used are Hoya 3W40 UP (Ultra parallel grade). These have proved more 
than adequate for most applications. They are 400 p.m thick (+/- 1.5 p.m), with a total 
thickness variation of less than 0.5 % over their entire surface, and are available in 
quantity at a reasonable price. These are then given a wideband colloidal silica AR coat 
on the rear surface. 
5.2.4 Performance of pellicle splitters 
The arrangement shown in Fig 5.4 is the basis of the Exitech EXIU UV excimer laser 
beam interface unit. It has proven very versatile giving reliable long-term operation at 
193,248, and 308 nm. The image plane can be changed to focus the mask plane by 
sliding the camera towards or away from the focusing mirror and the whole assembly 
can sit in line during laser processing. 
The only potential drawbacks are due to the shifted 'ghost' image created by the 
pellicles, but in most practical situations this is not usually a problem. An example of an 
excimer profile taken with this interface unit is shown in figure 5.5 
This type of arrangement will only work satisfactorily with lasers of short coherence 
length, less than the thickness of the pellicle, otherwise interference fiinges WIll be 
produced. Most excimers fall into this category, but this is certainly not so with third 
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and fourth hannonic Nd: Yag. For these types of laser a quartz prism beam splitter is 
more suitable. 
5.2.5 Through mirror Beam sampling 
5.5. KrF excimer profile taken 
using an in line pellicle beam 
splitter, (EXIU interface 
unit).Raw beam output from 
LPX excimer laser used for 
cavity aligmnent ,variable 
beam size. 
In principle this is a convenient way of sampling a beam in an excimer projection 
system. The final turning mirror is replaced with a partially reflective component. The 
transmitted beam is then imaged onto a DV CCD camera via suitable attenuation filters. 
This approach is used on Exitech S7000 Micro machining workstations, and allows the 
beam diagnostics to be fitted into a very compact space. Problems arise due to coating 
non-unifonnities on the mirrors and the subsequent worsening of tins effect as the 
coatings age. This is particularly severe with high reflection coatings. For example in 
the case of a nominally 99% reflecting mirror, a 1 % change in reflected power (to 98 %) 
would result in a doubling (from 1% to 2%) of the transmitted power. Hence the effects 
of coating ageing are magnified by two orders of magnitude in the monitored 
(transmitted) beam. 
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IThrough mirror beam sampling I 
UVCCD V camera Turning mirror R85% 
c: > ~ Attenuators 
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/ Mask 
~ ......... Field lens 
Compensatmg 
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Micro projection 
objective 
~ 
Excimer beam 
Figure 5.6. In line Beam sampling scheme for micro machining 
workstations. 
In practice it is found best to employ 85% - 95% reflective mirrors to reduce the effects 
of coating non uniformity. The power loss due to this is usually not a problem in micro 
machining applications. Further improvements can be made by using an identical 
compensating mirror from the same production run. 
5.2.6 Performance of through mirror sampling 
An example of an excimer beam profile taken with this arrangement is shown in figure 
5.7. Good results can be achieved if care is taken in the initial set up of the 
compensating mirror to give a uniform response. The arrangement shown in figure 5.6 
is typical of that employed in an excimer micro projection system. 
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5.2.7 Comments 
It was found that for very critical applications such as the annealing of semiconductors 
direct detection using a pellicle splitter will give the most reliable long term operation. 
Moreover the ability to sample at different image planes can be very important and is an 
advantage to the system designer. 
In less critical applications the use of fluorescer plates is acceptable and much more 
flexible. This technique allows the beam to be monitored directly at the workpiece, or 
via a beam sampler for in-line monitoring. The main drawback is that degradation of the 
fluorescer material can give unreliable long-term results, though this can easily be 
remedied by regular replacement. 
o 0 
5.7. Excimer beam profile taken by through mirror sampling. (S7000 
Micro projector mask plane monitoring), on an industrial 
micromachining system. 
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Through mirror beam sampling has been used in situations where the other methods are 
difficult due to lack of space, typically in micro machining workstations that have low 
beam energy and throughput. It is particularly sensitive to mirror coating degradation 
and damage and is not the recommended first choice, but if carefully set up can give 
reliable results. 
5.3 Data acquisition and system integration. 
5.3.1 Introduction 
The video signals from mUltiple CCD cameras can be digitised using a standard video 
frame grabber. In Exitech systems, the Matrox Pulsar and Orion cards are used. These 
support up to 8 video inputs, allowmg multiple beam monitors to be installed on Laser 
processing tools. These cards digitise with 8 bits grey scale resolution, which is quite 
sufficient for standard applications when using standard CCD cameras such as the 
Pulnix TM6. 
5.3.2 Work station integration 
Typically as shown a system would consist of an excimer laser, beam delivery system, 
beam control system, imaging optics, workpiece motion control and component 
handling. 
A main control computer handles stage motion control, interlock monitoring and laser 
control. This pc communicates to other devices via mUltiple RS232 serial links. The 
beam diagnostics reside in another computer and feed information back to the control pc 
via an RS232 link. This decoupled approach is adopted because on line beam analysis is 
a very processor intensive operation. This would overload the control computer under 
certain circumstances, reducing its ability to respond quickly to other external events. 
Fignre 5.8 shows an example of this software, as installed on an excimer laser 
Micromachining system. 
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Fig 5.8 Beam Intensity "footprint" of an excimer laser beam. 
Analysis software integrated into the machine control system. 
S.4.The characterisation of excimer laser line beam profiles 
This section describes techniques for the measurement of high aspect ratio line focus 
beam profiles. Such line beam profiles are required in a number of industrially 
important excimer laser applications, such as the annealing of a-Si for TFT displays or 
the patteming of thin film solar panels. Such line beams may be in excess of 250 mm in 
length whilst having a cross sectional width of less than 100 urn. This presents special 
problems for the design of beam sampling optics because of the small field size 
(typically 6 x 4 mm) of CCD detectors . 
To overcome some of these problems a UV sensitive CCD detector was mounted upon a 
high speed translation stage and scanned along the length of the line beam. Using 
position synchronised laser triggering it was possible to achieve high data acquisition 
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rates allowing a complete line scan to be acquired in approximately one second. This 
data was then analysed by a powerful image processing system using techniques for the 
characterisation of laser beam energy distribution as described in draft ISO standard 
ISO 11146. The measurement speed of such a system allows near real time visualisation 
of the line beam profile, greatly facilitating the setup and maintenance of the complex 
optics required to produce high aspect ratio line beams. 
5.4.1 Background 
The range of Industrial applications of excimer laser systems has widened considerably 
in recent years. In particular the application of line beam optics [3] has found new and 
novel uses in a number of areas such as flat panel TFT annealing and blind via hole 
drilling for MCMs. These types of beam present special difficulties in terms of 
characterisation because of their high aspect ratio. The requirements of the latest line 
beam processes demand accurate beam characterisation, a requirement notably for 
optical design and setup, but increasingly because there is a need for on-line monitoring 
and control on industrial machines during the production process. 
Line beam characterisation data will be presented in this section that was taken from 
both laboratory experimental rigs and real industrial machines. 
5.4.2. Applications 
Flat panel TFT annealing is one of the main applications of line beam optics. A single 
pulse from an excimer laser is sufficient to transform amorphous Silicon to 
polycrystalline Silicon. It has been found that the best way to deliver the pulse to the 
Silicon surface is by a scanuing Ime beam. This form of delivery produces a very 
uniform transformation of the Silicon surface in comparison to step and repeat 
exposure. This process will only give good results however if the line beam is very 
uniform over its length. In the computer industry the production of so-called "blind 
vias" involves using a copper conformal mask to define a via hole pattern on the surface 
of a mutIichip module (MCM). Processing by laser etches through material layers 
within the MCM to form vias. The efficiency of this process can be improved by the use 
of a scanning line beam. 
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Another new application area is the patterning of Si solar cells. The line beam is used to 
cut channels in the solar cell structure as part of one step in the production process. 
Using a line beam makes for efficient use of the laser energy and greatly increases 
production speed. Similarly in the production of ink jet printer nozzles the use of line 
optics can increase throughput whilst maintaining production quality. 
All of the processes mentioned have a high economic potential and new applications are 
continually being found for line beam processing in advanced manufacturing. 
5.4.3. Experimental setup 
In order to develop and test characterisation methods an experimental rig was 
constructed around an LP3000 excimer laser with simple line beam optics, a 
configuration normally used for PCB processing at 308 mn. In addition, data was also 
taken from production industrial machines equipped with line beam optics and Exitech 
beam diagnostic systems. 
The primary experimental set-up as shown in figure 5.9 consists of a high-speed 
translation stage (Aerotech) onto which a DV sensitive CCD camera (COHU 4712) is 
mounted. The system is controlled by a PC and fitted with frame grabber, energy 
monitor and motion control boards. A 2mm thick beam splitter mounted just below the 
final cylindrical doublet projection lens deviates a fraction of the beam to an equivalent 
focal plane where the CCD camera is situated. Inconel coated silica DV attenuation 
filters are mounted on the front of the camera to reduce the incident beam energy by 
several orders of magnitude. The active detector area of the CCD chip is 6.4 mm by 4.8 
mm, corresponding to a digitised pixel size of 16.8 p,m over an array of 384 x 288 pixels 
(CCIR standard video). The actual pixel resolution of the detector is twice this figure, 
but the effects of video mterlace reduce the resolution by half (a single field) for pulsed 
laser imaging. 
105 
77lc characterisatIOn of CXClmer laser !>eams 
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Beam Homogenlser Hlgb speed Translation stage 
Excime 
Beam 
Figure 5.9. Architecture of the line beam 
scanning system. 
Typical line beam lengths handled by the system range from 50 mm to greater than 300 
mm, requiring from 8 to more than 40 CCD fields to be captured. The acquisition speed 
of the system is not limited by the frame grabbing hardware but by the stage speed. The 
maximum acquisition frame rate of the system is 50 Hz, hence a stage translation speed 
in excess of300 mm per second is required to realise maximum frame rate. 
5.4.4 Energy monitoring 
Figure 5.10 shows the energy monitoring system. It consists of a wedged silica beam 
splitter sampling a portion of the line beam onto a fast responding Pyroelectric head. 
The signal from this detector head is digitised using an NO card with on board Digital 
Signal Processing (DSP). The peak of the detector signal varies linearly with the amount 
of energy falling upon the detector. The on board DSP is used to extract the peak value 
of the input waveform and store the value in a data buffer. Due to the fast response of 
the electronics the system can in theory handle laser repetition rates in excess of 1kHz, 
though in this system the maximum rate that it was tested to was 200 Hz. The fast 
processing of the DSP also allows the calculation of laser energy statistics, such as 
mean, minimum, maximum and standard deviation in near real time. The computation 
106 
nle characfe/'/saflOn of eXClnler laser he(lm~ 
of Fourier transforms is also possible in order to extract time varying data from the laser 
energy statistics. 
Excimer laser beam 
Beam 
\.. splitter 
" I SO mm 
Pyroelectric 
Head 
Workpiece 
calibration 
Laser 
calibration 
Pyroelectrlc 
Heads 
Fig 5.10 On-line energy monitoring system 
5.4.5 Synchronisation and image processing 
The choice of image capture and processing hardware is flexible. For these experiments 
a National Instruments IMAQ PCI -1408 frame grabber board was used, installed into 
an industrial Pentium PC. This card is capable of capturing a full resolution video 
sequence into computer memory at 50 fields per second. The laser trIgger pulses are 
generated by an Aerotech PCPSO card, which works by generating a trigger pulse on 
sub mUltiples of the translation stage encoder counts. This technique of position 
synchronised firing allows the entire line beam profile to be scanned 'on the fly' without 
stopping the stage at incremental positions in order to capture the beam profile data. 
This allows profile data to be acquired very quickly; typically a 100 mm long line beam 
can be scanned in under one second. 
In practise it is desirable to average several pulses per translation stage position along 
the length of the line beam for which the stage must be stopped; however the 'on the 
fly' scanning technique is potentially very useful during the set-up and aligument of the 
line beam optics because it allows rapid visualisation of the entire beam. 
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5.4.6 Workpiece embedded beam diagnostics. 
An alternative approach, particularly useful for industrial applications is to embed the 
beam diagnostic camera and energy monitor into the workpiece chuck. This has the 
advantage of being able to measure the real beam profile "in situ". The setup is shown 
in figure 5.11. A thin fluorescent glass plate embedded below an aperture in the chuck is 
imaged by a microscope objective mounted from below, and a high attenuation neutral 
density filter placed above the objective attenuates the fluorescence to a suitable level 
for the CCD camera. 
Microscope 
Objective -
Excimer Line Beam 
Fluorescer Plate 
PyroElectric 
Joulemeter 
Fig 5.11. Layout of a workpiece line beam diagnostic system 
A Pyroelectric joulemeter is also mounted on the chuck, slightly offset from the 
fluorescer plate. The line beam measurement is performed by scanning the stage in the 
X direction along the length of the beam and capturing a sequence of profile segments. 
The line beam width can be set by the user by adjusting the Z height of the workpiece, 
once this operation has been performed the joulemeter is moved into position over the 
line beam and the laser pulse energy measured. From knowledge of the beam width and 
the size of the joulemeter aperture the beam fluence at the workpiece can be calculated. 
The laser system is fitted with a computer controlled attenuator unit that allows the 
operator to adjust the line beam fluence over a 10: I range dependent upon process 
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requirements. The attenuator is also used when measuring the line beam profile to 
reduce the workpiece fluence by an order of magnitude to below 50 mJ/cm2, when 
measuring the profile. This prevents damage to the fluorescer plate, which would 
eventually suffer from bleaching if exposed continually to the full process fluence. 
5.4.7 Data processing and visualisation. 
Fig 5.12 : Example of In-Chuck beam profiling 
camera with energy monitor 
The size of data set acquired is dependent upon the line beam width and is typically 
from 10 to 40 frames of data. Each frame of data is a 6.8 mm segment of the line beam 
and is digitised at 384 x 288 pixels 8 bit resolution which corresponds to 110 kbytes per 
frame. Hence a complete line scan on a 300 mm beam would take over 4 Mbytes of 
data. However recent advances in microprocessor speeds and 32 bit operating systems 
mean that data files of this size can be analysed fairly easily on a personal computer or 
Industrial PC 
109 
The cillll"llclC'/'isl.llion o/C'xcimer laser heams 
Omm Omm 
o 0 
Fig 5.l3 (b) Composite of 
several line beam 
segments 
Fig 5,l3 (a) , Line beam 
segment 
The function of the visualisation software is to 'stitch' together the array of individual 
line segment beam profiles to reconstruct the entire line focus. This can then be 
displayed as a false colour 2D map or as a 3D Isometric plot. To aid on screen viewing 
the data can be scrolled like a chart along the length of the beam viewing only a small 
segment at a time. Fig S.l3a shows an individual line beam segment; fig 5,13 b shows 
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the result of 'stitching' together a series of these segments to reconstruct the full line 
beam. 
5.4.8 Beam analysis algorithms 
In order to provide quantitative data about the line beam profile suitable for process 
optimisation it is important that the correct beam analysis algorithms are used. In this 
instance algorithms defined in the draft standard ISO/CD 13694 were used [4]. These 
are defined as follows : 
5.4.8.1 Threshold uniformity 
The calculation of this parameter is very important in the assessment of excimer laser 
beam quality. The threshold beam uniformity U is calculated [5] as the standard 
deviation of the power density histogram distribution, see figure 5.14. 
u = , 
Where 
I 
---=--I2:(A,(x,y)-Anj· Area" 
I 
A ... = 2:2:A, (x ,y) 
Area, 
III 
Equ (5.la) 
Equ (5.lb) 
Integrations made only 
upon pixels with an 
intensity value greater 
than neta % of peak. 
The beam Uniformity is 
the rms deviation of this 
distribution. 
Fig 5.14. Illustration of the concept of 
threshold beam uniformity. 
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These integration's are usually perfonned only for pixels above the threshold power 
density 1] Ep ' The value of 1] is chosen empirically to simulate the desired beam 
interaction footprint, and is usually above 0.5 for distributions with U :;; 0.1 
5.5.2 Calculation of plateau uniformity and edge steepness 
The following algorithms have been shown [6] to be useful in the characterisation of 
steep edged, flat top beam profiles. 
The plateau unifonnity Up can be defined as 
Equ5.2 
where 8N"(Hmax) is the FWHM of the beam intensity histogram distribution N(Hn) 
about the peak Hmax. 
The edge steepness S(z) is defined as 
Equ 5.3 
Where Aln is the enclosed beam area above threshold intensity n. 
Care has to be taken in the evaluation of these algorithms particularly with respect to the 
subtraction of background offsets and noise. For many edge steepness measurements it 
is desirable to apply equation 5.3 only to a cross sectional profile of the beam instead of 
the whole beam. This is particularly true of line beam profiles. This type of "stitching 
noise" can be clearly seen in the beam profile plot shown later in this chapter, in figure 
5.18. 
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5.4.9 Experimental results 
Line beam scans taken from both the experimental rig and an industrial laser 
workstation is now presented. The data shown here represent the start of initial trials of 
the experiment. The scans in figs 5.15 a,b were taken from a 200 mm line beam optical 
system working at 308 nm, the workpiece fluence being approximately 200 mJ/cm2 and 
the average beam width 280 pm. Multiple line scans were averaged to get the results. 
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The line beam displays 3.5% rms uniformity over 150 mm and the beam width varies by 
5.5% over the same length. 
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5.4.10 Pulse to pulse variations 
Figures 5.16 a,b show pulse-to-pulse changes in line beam shape 15 mm beyond focus. 
In this mode the quasi near field is being imaged and the variations are due to worn 
electrodes on the laser. The laser was running on a system that produced fibre gratings 
at 248 nm, 400mJ pulse energy, with a 50mm by 0.8 mm line beam. When looking at 
the focus the profile shape is relatively constant. This example serves to illustrate the 
usefulness of beam diagnostics for monitoring system performance. 
'i III a 511lh 
, '. 1 
Fig 5.16 a and b. Two profiles showing pulse to pulse variations of a segment of the 
line beam beyond focus. The variation in beam symmetry is due to electrode wear 
in the laser. 
5.4.11 Results from a Silicon annealing tool 
The line beam data in figures 5.17 and 5.18 was taken from an industrial system 
equipped with embedded line beam diagnostics of the type shown in figure 5.9. The 
graphs show reconstructed beam profile scans using the embedded workpiece diagnostic 
system described in section 5.4.3. In this case although the line beam system had not 
quite been optimised, an overall uniformity figure of 3.6% over 150mm of the beam 
was achieved, which was well within the application specification. When properly 
optimised overall uniformity figures of better than 2% can be achieved. 
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The graphs in figures 5.17 show several reconstructed profile scans of the beam 
superimposed on one another. They show the variation of line beam widths and line 
beam average intensity over the length of the beam. The differences between scans are 
due to pulse to pulse variations of the laser. 
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Fig 5.17(a) V ariation of Line Beam width over the scan length 
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Fig 5.17 (b) Variation of Line Beam intensity over the scan length 
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Fig 5.18. Screen shot from the beam analyser system, showing a 
complete line beam. This system is integrated into an excimer laser 
Silicon annealing tool. 
Fig 5.19. 3D plot of the line beam profile 
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5.4.12 Discussion 
Improvements in algorithms and the falling pnce of computing hardware are now 
making sophisticated beam analysis possible for routine measurements. The latest 
generation of industrial computers now make possible sophisticated real time image 
analysis for laser process control and monitoring. It has been shown that line beam 
analysis measurements can be made off line in an industrial laser workstation. For the 
next generation of workstations it is proposed to implement real time line beam analysis 
during materials processing, further enhancing process quality and repeatability. 
5.5 Industrial Beam Diagnostics 
The techniques described in this chapter are readily applied to industrial systems. The 
author has been involved in numerous systems and applications, some of which are 
described in the following chapters. Typical workstation applications are in the 
semiconductor, electronics and biomedical fields. Figure 5.20 shows a prototype 
workstation for cleaning Silicon wafers. It features fully integrated beam diagnostics. 
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Fig 5.20.Wafer cleaning 
workstation, featuring fully 
integrated excimer beam 
diagnostics and beam shape 
control 
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The operator has full control over the beam shape, size and fluence by means of a 
system of motorised optics and attenuator plates [7]. These are used in conjunction with 
the integrated beam profiler, which gives a real time display of beam size, shape and 
fluence. 
This allows the operator to quickly setup new process parameters without having to 
manually adjust any beam line component. Not only does this provide a great degree of 
experimental flexibility, but enhances system safety by removing the need for the 
operator to change optics in the beam line manually whilst the laser is running. In the 
previous lab prototype of this machine all optical changes and beam monitoring had to 
be performed manually. 
Fig 5.21: CCD camera, with zoom lens and fluorescer plate 
mounted in beam line, to monitor the mask plane beam 
orotile. 
The beam protiler interfaces to the control computer via an RS232 serial interface. The 
control application periodically polls the beam monitor for information about the beam 
energy, fluence, uniformity and alignment. If any of these parameters fall outside of 
user set limits the processing is stopped by the control computer. The beam monitor 
application itself can also display visual and audible alarms and flag an external I/O line 
to operate a laser safety shutter. This provides much faster response than via the control 
PC. Figure 5.21 shows the optical arrangement for such as system integrated into an 
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Exitech M8000 excimer laser workstation. Note the use of a fluorescer plate and CCD 
camera equipped with a zoom lens to image the beam profile. This type of arrangement 
provides a great deal of flexibility as the beam diagnostic camera can be placed some 
distance from the imaging optics, and space is always an issue when designing beam 
delivery systems. 
An alternative version of this configuration is shown in figure 5.22. This system is 
implemented on an Exitech M2000 Micromachining system and combines through 
mirror beam sampling (as described in section 5.2.5) with a fluorescent converter plate. 
Fig 5.22: Integrated on line diagnostics, using 
through mirror beam sampling 
With this arrangement a through the lens viewing microscope can be used in the system, 
whi lst simultaneously allowing the mask plane beam profile to be monitored. Through 
the lens viewing can be used for target location, alignment and focussing of process 
samples and is a special feature of the M2000 system. 
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Fig 5.23: Example ofexcimer beam 
diagnostics fully integrated into machine 
control software. 
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Figure 5.23 shows the screen display from an integrated beam profiler installed on an 
excimer laser tool used for processing multi chip modules. The system uses the same 
configuration as described in section 5.4.6. The software also integrates control 
functions for moving XY stages and controlling a laser attenuator to adjust process 
fluence. 
There are safety benefits in integrating beam diagnostics into laser processing systems, 
which are closely related to the process, and quality benefits that such equipment brings. 
Even small improvements to reliability and yield will quickly justify the cost of 
integrated beam monitoring. This has the additional benefit of greatly simplifying laser 
and optics alignment procedures hence reducing the risk of a laser accident, as engineers 
will need to spend less time working on an open beam line and adjustments can be made 
remotely. 
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5.6 Conclusions 
Of all laser types commonly used in industrial systems, excimer lasers require good 
laser beam diagnostics in order to operate reliably and effectively. In this chapter a 
number of topics have been discussed, including beam sampling techniques, analysis 
algorithms and systems integration. One of the first uses of in-chuck beam profiling has 
been described; this equipment is now integrated into many Exitech laser tools. 
Methods for the measurement and analysis of high aspect ratio line beams have also 
been described, techniques that require special hardware in addition to special analysis 
algorithms. These techniques are now in use and have been successful in aligning and 
characterising systems for Silicon annealIng. 
Over a period of almost 10 years, the author has been involved in the design and 
integration of many beam diagnostic systems for use in a diverse range of industrial 
excimer laser tools. In all of these applications, effective beam monitoring has been of 
great importance to the operation of the laser tool. Some applications of these tools are 
discussed in the next chapters. 
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CHAPTER 6 
EXCIMER LASER SYSTEMS AND 
APPLICATIONS 
6.1 Introduction 
Laser based micromachining using excimer laser has been well established in many 
industrial processes, covering a broad range of applications from drilling ink jet printer 
nozzles to annealing amorphous silicon flat panel displays [1]. Several novel machine 
architectures have been developed to bring excimer micromachining into mass 
production environments. 
This chapter describes some excimer laser micromachining applications and systems 
designed for production. The first system is the Exitech M8000, which is a general-
purpose mask scanning system that is used for research as well as production. The 
second system, the GWS200 is a mask writer that uses contact phase masks and an 
excimer laser to write fibre Bragg gratings, 
All of these systems use advanced beam monitoring and diagnostic systems to assist in 
calibration and alignment, using systems developed by the author. 
6.2 Excimer laser micromachining 
Since the early 1980's UV excimer radiation has been used for micro ablation and 
micro machining [2]. During the past decade tremendous growth has been seen in both 
the applications of excimers and the types of laser system available. The standard 
excimer party trick is to etch micron scale patterns in human hair without damage to the 
surrounding material, as shown in fig 6.1. 
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Figure 6.1. ArF laser-micro machined 50um square holes though a 
human hair (Provided by the author). 
As early as 1983 excimer laser Micromachining was being used to fabricate specialist 
targets in laser-fusion implosion experiments [3]. Figure 6.2 shows ArF laser machined 
polystyrene microshell targets used for studying Rayleigh-Taylor plasma instabilities. 
The fabrication of micro machined components using excimer lasers was one of the 
first practical applications for this technology. The special properties of short pulse high 
power UV radiation have been quickly applied to a wide variety of micro fabrication 
operations. The potential range of applications is great, covering surface modification, 
micro actuator fabrication, micro channel fabrications and circuit interconnect patterns. 
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Figure 6.2. ArF laser 
machined features in 
150um diameter 
polystyrene laser 
targets, from ref [3]. 
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6.2.1 Applications 
Examples of the types of surfaces that can be structured by excimer laser ablation are 
shown in Figures 6.3 a & b. Blazed grating and pyramid-like structures can be readily 
fabricated on surfaces by mask-dragging techniques [4). Such methods can be used for 
making micro-optical surfaces like those shown below. The micro lens array shown in 
Figure 6.4 is used for shaping beams from laser diodes. Each lenslet in this array has a 
focal length of Imm. Excimer laser ablation is being used to manufacture 'biofactory-
on-a-chip' (BFC) cell-sorters and sensors that consist of laminated layers of channels, 
chambers and electrode conveyor tracks. Figure 6.5 shows examples of micro fluidic 
channels and ramps being used in this device as well as in medical sensors [5] such as 
pregnancy testers. 
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Fig 6.3a. Pyramids 
KrF laser produced 
surfaces in polycarbonate 
produced using mask-
dragging techniques 
Fig 6.3b. Blazed 
grating structure 
in polycarbonate, 
produced using 
mask dragging 
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Figure 6.4. Micro-lens 
surfaces in polycarbonate, 
fabricated by KrF laser 
micromachining and 
orthogonal mask-dragging 
Figure 6.5. KrF laser micro 
machined micro fluidic 
channels in polyester 
Fig 6.6. KrF laser 
machined IOOum 
fibre clamp in 
polycarbonate. 
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The structures shown in figures 6.6 and 6.7 (a) & (b) show an experimental application 
to fabricate polymer fibre holders for telecom applications [6]. Figures 6.8 (a) & (b) 
show KrF laser-machined 3D-structures in polycarbonate using an Exitech Series 7000 
CNC-controlled micromachining system. 
Figure 6.7 a & b. KrF laser micro machined fibre holders in polyester 
Figure 6.8 a & b. KrF laser machined 
ramps, channels and bars in polycarbonate 
6.2.2 Micro via fabrication 
The continuing demand for finer interconnects and more compact designs for a number 
of electronic applications has driven the adoption of laser technology. The drilling of 
micro vias using pulsed Nd:Yag laser and CO2 laser was pioneered in the 1980's. 
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Excimer lasers have proved very effective at ablating polyimide dielectric layers used in 
the fabrication of multi chip modules for super computers. This process was developed 
on an industrial scale by Siemens Nixdorf in Germany, where 80 urn diameter vias were 
KrF laser drilled in MCM modules using a conformal mask [7]. This was one of the 
first ever examples of the use of excimer lasers on an industrial scale, with more than 
IS lasers in use at the plant during the early 1990's. A laser beam diagnostic system 
developed by the author was used in the setup and maintenance of these laser systems. 
This technique is now widely adopted for micro via fabrication. 
Figure 6.9 a, b. KrF micro machined nozzle structures in polyimide 
6.2.3 Inkjet printer nozzle drilling 
This is now a major application of excimer lasers on an industrial scale. The author has 
contributed to the development of a number of these systems with particular regard to 
the design of beam diagnostics and laser process control. 
Inkjet printers comprise a row of small tapered holes through which ink droplets are 
squirted onto paper. Adjacent to each nozzle, a miniature resistor rapidly heats and boils 
ink forcing it through the nozzle orifice. Increased printer quality can be achieved by 
reducing the nozzle diameter, decreasing the hole pitch and lengthening the head. 
Modem printers like HP's Desk Jet 800C and 1600C have 300x 281lm input diameter 
nozzles giving a resolution of 600 dots-per-inch (dpi). Earlier 300dpi printers consisted 
of a 100 nozzle row of 50llm diameter holes made by electroforming thin nickel foil. 
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Trying to fabricate more holes with smaller diameters reduced even further the already 
low 70-85% production yield. The laser-drilling of nozzle arrays has allowed 
manufacturers to produce higher performance printer heads with greater yields. At 
average yields of >99%, excimer laser mask projection is now routinely used for 
drilling arrays of nozzles having consistent size and wall angle [8]. A large proportion 
of the ink jet printer heads currently sold (e.g. by HP and Canon) are excimer laser 
drilled on production lines in the US and Asia. Figure 6.9(a) shows an excimer laser 
drilled nozzle array in a modem printhead. 
Figure 6.9(b) shows nozzles with nonlinear tapers that aid the laminar flow of the 
droplet through the nozzle. Some advanced printers use piezo-actuators. Rather than 
being constrained to produce nozzle profiles characteristic of the process, excimer laser 
Micromachining tools with appropriate CNC programming can readily engineer 
custom-designed reverse-tapered, 21 /2 D and 3D structures. Figure 6.10(a) shows an 
array with ink reservoirs machined behind each nozzle while Figure 6.1 O(b) shows an 
example of a rifled tapered hole, which spins the droplet like a bullet to improve its 
accuracy of trajectory. 
Fig 6.10 (a) Nozzle array with ink reservoirs . 6.1 0 (b) Tapered nozzle 
with rifling. KrF laser-micro machined nozzle structures in polyimide 
6.2.4 Biomedical devices 
The drive to Increase miniaturization with extra functionality has aided the rapid 
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progress being made in the biomedical industry. Precision micro drilling with excimer 
lasers is now routine for the manufacture of the delicate probes used for analysing 
arterial blood gases (ABGs) [9]. ABG sensors measure the partial pressures of oxygen 
(Pa02), carbon dioxide (PaC02) and hydrogen-ion concentration (PH) used for 
monitoring the acid-base concentration essential for sustaining life. In intensive care 
units, ABG results are used to make decisions on patient's ventilator conditions and the 
administration of different drugs. An example of an excimer machined sensor is shown 
in figure 6.11. These sensors have been in routine production using excimer lasers at 
Exitech for more than 10 years. 
Figure 6.12 shows an example a ABG catheter for monitoring blood in premature 
babies. The hole at the side of the PVC bilumen sleeving tube through which blood is 
drawn is machined using a KrF laser. In this case the clean cutting capability of the 
laser provides the necessary rigidity that prevents kinking and blockage of the tube 
when inserted into the artery 
Fig 6.11 . ArF laser-
drilled holes in Pa02 
and PaC02 acrylic 
fibres, for an ruterial 
blood gas sensor. 
Fig 6.12. KrF laser-
drilled hole in side of 
PVC bilumen catheter, 
for blood monitoring 
in new born babies. 
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6.3 The M8000 micro machining system 
Laser systems are being employed increasingly in many diverse' micro-systems 
technology (MST) sectors such as biomedicine, automotive manufacture, 
telecommunications, display devices, printing technologies and semiconductors [10]. 
These applications areas are using lasers in different ways ranging from basic research 
and development stages to full production environments. The requirements of the high-
specification products, which are now being considered, are often quite stringent and 
this has led to many refinements and developments in the lasers systems and laser 
techniques, which are used. These advances, in turn, have promoted the uptake oflaser-
based technologies by providing technical, manufacturing and economic benefits. 
6.3.1 System Architecture. 
Fig 6.13. The Exitech M8000 
micro machining system 
The M8000 is a general purpose excimer laser micromachining tool (Figure 6.13) that 
can be used for both research and production applications. The basic configuration 
couples a set of high resolution XY translation mask stages with XY translation 
workpiece stages. The use of a sophisticated motion controller allows the two sets of 
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Fig 6.14. M8000 control system 
stages to be electronically geared together, enabling the mask scanning techniques 
described in this chapter. A diagram of the control systems is shown in figure 6.14. 
Additional stages for focus (Z) and rotary alignment together with precision height 
sensing and alignment systems, allow the M8000 to position with sub micron accuracy. 
6.3.2 MEMS fabrication 
Most of the excimer laser systems used in manufacturing applications today use the 
technique of mask projection [11][12] . The optical properties of excimer lasers mean 
that direct beam focusing is not an effective use of laser energy. Projection methods are 
more efficient for the production of various microstructures. Mask projection methods 
used with excimer lasers can provide many desirable features [13] but the most 
important ones of interest to MST are high feature resolution, fine depth control, 
excellent reproducibility and the ability to cover large sample areas efficiently. For 
example such features, which are depicted in figures 6.15 for the machining of 
polyimide, have led to excimer laser systems being used in the mass production of ink-
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jet printer nozzles. 
Figure 6.15 (a) Micro-machining ofpolyimide and 6.15 
(b) ink-jet printer nozzles, both produced using excimer 
laser mask projection 
In standard mask projection systems, the depth of the microstructures is controlled by 
the numbers of laser shots which are fired and the resolution of the features are 
determined by the mask and the optical projection system. This is demonstrated in 
figure 6.16 where micro channels of 181!m depth have been produced in a polymer. The 
entire sample area (which can be many tens or hundreds of cm2) is machined under the 
same laser conditions and so all the microstructures are produced to the same depth. 
This is, in fact, highly desirable in most applications since uniformity of depth is of 
particular importance. 
In some emerging areas, however, there is a need to tailor the depth profile of the 
micro-machined structures across the sample area. These applications include micro-
fluidic systems, printing devices, bio-medical analytical chips and rapid prototyping 
technologies - all sectors where multi-functional units are being developed which 
utilise micro-optical-electro-mechanical systems (MOEMS). The integration of these 
sub-units having a variety of functions has led to the need for increasingly elaborate 
designs for these devices and instigated the development of new micro-machining 
techniques. 
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6.3.3 Overlay Mask scanning 
Standard mask projection techniques are very versatile and depth information can be 
imparted into micro-machined samples by an appropriate synchronisation ofthe sample 
f 
Figure 6,16, Micro-channels 
produced by mask projection 
in polymer showing depth 
control. 
position and the laser firing sequence, The level of control of the depth profile required 
in the above-mentioned applications, however, means that these standard methods do 
not extend far enough. To overcome this limitation, a new technique - synchronised 
overlay scanning (SOS) - has been developed. 
The basics of standard synchronised mask scanning systems have been described in 
detail previously [14]. To extend this technique and add depth information, the SOS 
method additionally shapes the laser beam which is used, and it is this choice of beam 
shape which determines the depth profile which is imparted to the microstructures. The 
concept of synchronised overlay scanning is discussed in more detail in ref [15]. 
The SOS technique uses standard synchronised scanning where the mask and the 
workpiece are moved in unison but in addition to this, an aperture is also placed above 
the mask to tailor the shape of the beam. The shape of the aperture (i.e. the shape of the 
beam) determines the depth profile in the sample - hence a triangular beam shape will 
give rise to a triangular depth variation in the material as seen in cross-section. Another 
feature of the SOS method is that the choice of mask (which determines the features to 
be made) is independent of the choice of beam shape aperture (which controls the depth 
profiling). This means that there is great scope for selecting appropriate combinations 
of masks and apertures depending on the specific requirements of the application. 
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An example of synchronised overlay scanning are shown in figures 6.17 (a) & (b) 
where different combinations of beam shapes and mask have been used. For the 
example in figure 6.17(a), an open rectangle mask was used with a double-triangle 
aperture as shown. This combination produced the double ramp structure as shown. For 
the example in figure 6.17 (b), the mask was made of open slots, which produced 
channels on the double ramped slope. 
Synchronised overlay scanning techniques are now being applied in many different 
developmental areas where the combinations of high resolution micro-structures and 
changes in feature height can be of benefit in the micro-product designs. 
Aperture + Mask Aperture + Mask 
Figure 6.17 (a). Double ramp produced in PET using Synchronised 
mask scanning. Figure 6. 17(b) ramp with channels fabricated using 
the same technique. 
These applications include: 
• Micro-fluidic transport systems and mixing devices where fluids (including inks 
for printing applications) need to be channelled mixed and/or transferred 
through nozzles . 
• Innovative designs include those for lubrication equipment where the lubricant 
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needs to be inserted, propelled and extracted from arbitrarily shaped mechanical 
parts. 
• Components for micro-parts for MST devices, whether produced directly or as a 
master for further replication, 
• Optical devices used for on-chip sensing or for display panel enhancements. 
Figure 6,18 shows other examples of the results of synchronised overlay scanning 
where channels and holes have been combined onto variable depth substrates, 
Figure 6.18. Demonstration of multi-level micro-structuring 
using synchronised overlay scanning, 
The laser microprocessing techniques described here are part of a number of on going 
developments in advanced manufacturing that are bringing new technologies to the 
mass market. All these techniques require precise control and characterisation of laser 
energy in order to be successful. 
6.4 The GWS 200 Fibre Bragg Grating writing system 
6.4.1. Introduction 
The GWS200 is production system for the writing of Fibre Bragg grating structures in 
Optical Fibres using a 248nm excimer laser and a contact phase mask [16]. These 
gratings have a variety of applications from spectral filtering in Dense Wavelength 
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Figure 6.19. Writing fibre Bragg gratings 
Division Multiplexing (DWDM) systems to temperature and strain sensing [17]. The 
system uses a KrF excimer laser, spatially filtered and beam shaped. The measurement 
of beam uniformity, the fibre to mask aligmnent and control of the total exposed dose 
are cntical to reliable grating production. 
The author has developed a fully integrated control system that automated the fibre 
exposure process with accurate laser dose control and beam profiling, There now 
follows a description of the system. 
6.4.2 System description 
The system is fully integrated and comprises of a number of subsystems. These are 
beam delivery shaping, safety systems, energy control, beam profiling, fibre viewing 
and aligmnent, fibre handling, fibre tensioning and mask & fibre stage motion control. 
A highly integrated control system consisting of a single control computer is used for 
all functions. It is shown in figure 6.20. 
In the current configuration functions are provided to view the fibre for aligmnent, 
measure the laser pulse energy at the exposure plane and control of the laser dose onto 
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the fibre. Full motion control of the mask stage and fibre jig stage is provided for multi 
step exposure cycles, together with computer control of the fibre tension. 
The software is written in Visual Basic and provides a simple intuitive user interface 
that guides the operator through system functions using a sequence of screens, The 
graphical layout has been designed to allow easy touch screen operation. Process data 
can be logged to a remote hard drive. The use of a modular architecture based upon 
ActiveX components allows easy modification and extension of the system 
functionality. 
6.4.3. Control software 
Fig 6.20 
TheGWS 
200FBG 
Writing 
system 
The main menu is displayed on system boot up, as shown in figure 6.21. It provides 
access to all the system functions and displays system status in a Task bar at the top of 
the screen together with system log information. The operator is first invited to log on 
(indicated by a flashing red border around the appropriate button). Having logged on 
the system it must be initialised by pressing the Initialise button before the system can 
be used. This will home all stages to their initial positions and test the initialisation of 
all ancillary hardware. After Initialisation the system is ready for use. However on 
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initial power-up before a fibre processing shift commences it is advisable to check the 
detector Fluence calibrations, the laser beam profile and set the process Fluence. 
The control system uses an mdustrial PC for system control interfaced via an RS232 
link to a Siemens S7 PLC (equipped with ASI bus) that handles I/O and interlock 
functions. Motion control is implemented using an Aerotech U500 card, that controls 
the mask axis, fibre jig axis and laser attenuator. A Coherent Ealing PCMI00 card is 
used to control a motorized micrometer for setting of fibre tension. 
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Fig 6.21 : Main control screen 
The fibre viewing and beam pro filer functions are implemented using a Matrox Orlon 
vision card. The energy monitoring and dose control use a National Instruments NO 
card. A multi port RS232 Communications card and an Ethemet card are installed for 
system communications. Stage motion control is handled by an Aerotech Unidex 500 
card. TIus controls the mask stage, fibre jig translation stage and a motorized laser 
power attenuator. The stage parameters are stored in U500 parameter and project files 
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separate from the main application 1Nl files, and are configured using the Aerotech 
U500 MM! software, These are loaded on system initialisation. Stage control is fully 
integrated into the process control and cahbration software. However direct manual 
control using jog keys and command line G codes is available from the system manual 
control screen. The process flow for a grating exposure is shown in figure 6.22. 
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Beam Profllel (MA 500) 
Fig 6.23 The beam pro filer display, showing an intensity profile of the 
excimer beam after shaping and homogenisation. 
6.4.4 Integrated beam profiler 
A real time false colour map of the beam profile is displayed together with X and Y 
profile cross sections taken through the beam centroid, as shown in figure 6.23. When 
the profile acquisition is stopped these cursors can be placed under mouse control 
anywhere on the false colour map to provide measurements of the cross section. A real 
time 3D plot window can also be displayed by clicking the 3D plot button, an example 
of this being shown in figure 6.24. In low resolution mode the profile image is digitised 
within a rectangular window of square pixels at 384 x 288 pixels and displayed in false 
colour window on screen. Cross sectional displays of X & Y cuts through the beam 
centroid are displayed, together with automatic calculation of beam widths, uniformity 
and fluence using ISO compliant algorithms as described in previous chapters. 
With profile acquisition stopped measunng cursors may be moved over the cross 
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sectional profiles in order to make more detailed measurements of beam size. The 
cursor separation is displayed in microns. 
Automatic measurements are made of beam width (FWHM), beam centroid (X&Y 
position) and peak intensity (specified in digitiser counts). The beam width and centroid 
locations are displayed by cursors overlaid on the real time false colour image . 
... MA500",1 67)B LIVE CH 2 ~[iJ 
Fig 6.24 Beam profiler 3D plot, showing 
the intensity profile at the mask plane. 
6.4.5 Exposure Dose controller 
Stop 
QUIT 
The function of the exposure dose controller is to deliver an exactly controlled dose of 
laser energy to the fibre . It does this by triggering the laser, measuring the energy of the 
pulse, summing this with a running total of previous pulses and then firing the laser. 
When the running total exceeds a preset level the laser trigger is stopped. 
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The application uses a National Instruments PCI data acquisition card to capture the 
signal from a Molectron energy probe in response to each laser trigger. The signal 
processing algorithms are then implemented in Visual Basic, This system does not use 
an embedded real time processor but instead relies upon the speed of the NT operating 
system and a asynchronous triggering scheme as described below. The acquisition and 
triggering is run in a tight Do Loop in order to maximise reliable triggering speed. 
The operation sequence is as follows: 
1). A TTL trigger pulse is generated with a delay equal to the laser repetition rate period 
and a duration of 200 /Ls. 
2). The digitiser captures the output pulse waveform of the joule meter probe (about 
100 samples at 50kHz) 
3). The peak value of the waveform is measured and this is used as the pulse energy 
reading 
4). The pulse energy is summed as a running total (dose Sum). 
5). If the dose Sum is less than the target dose then the loop repeats and another trigger 
pulse generated. 
Note: 
1), Using this asynchronous sequence ensures that a laser trigger is issued only after a 
pulse has been successfully digitised and summed. This avoids the problem of pulse 
"dropouts" that might occur if synchronous triggering is used due to the non "real time" 
nature of Windows NT, which currently runs up to 100 Hz on a PIT, 400 MHz CPU. 
2).It is important however to minimize the number of background tasks when the dose 
control loop is running as this may result in apparent unstable operation of the laser 
trigger. For this reason all RS232 Communications polling is suspended during dose 
control operation. 
3). In fibre Bragg processing the term "dose" actually refers to "Integrated fluence" Le 
the measured figure is not the total integrated energy on fibre but the integrated fluence. 
This is in fact exactly equivalent to integrated energy in this case because the mask area 
(and hence beam size) does not change during exposure. 
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The application provides a friendly user interface with a graphical display of the laser 
pulse energy history, energy statistics and text boxes to enter various system parameters 
including laser repetition rate and dose threshold, 
6.4.6 Calibration 
This function should be performed at the start of each production shift and certainly 
after making any changes to the mask or optical system. 
The in line (dose control) detector is calibrated using the in-chuck detector (this has 
already been calibrated by the supplier Molectron to NIST standards, a sensitivity figure 
in Volts per Ioule V/I is marked on the detector). With the in-chuck detector in place an 
averaged reading is taken at 25Hz for one second and this is then repeated for the in-
line detector. The energy calibration factor is then calculated from the ratio of the two 
numbers and the effective area of the mask in mm2 (pre set, not measured) is then used 
to calculate the fluence (fluence = energy/area). 
Fluence setting should be done on a regular basis, certainly before processing a batch of 
fibres or after making any changes to the optical system. Fluence setting is 
accomplished by reading the in-chuck energy monitor using the second channel of the 
NI NO card. The laser is triggered at 10Hz and the fluence value is displayed on 
screen, the operator being then prompted to manually adjust the attenuator until the 
target fluence has been achieved, see figure 6,25. 
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A DC Servo motor under U500 control drives the attenuator. Automatic checking and 
setting of the fluence is possible assuming that the laser pulse-to-pulse stability is good 
enough to allow reliable locking of the control loop, otherwise manual setting can be 
used as default. These options can be set in the system parameter setup. 
The main parameters for the process can be saved or recalled to file. These process 
parameters include total dose, fibre positions, mask positions and fibre tension. The last 
set of parameters used is loaded as the default set on system boot up, 
Spatial calibrations for the fibre viewing system and beam profiler can be set, as can 
energy probe calibrations. The system supports multiple 1Nl files that can be saved and 
recalled from the root directory. This allows process recipes for different fibres to be 
saved and recalled. The setup tab also allows parameter settings for the system cameras 
(black level offsets and gain) and the beam profiler analysis options. 
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AlI setup infonnation is saved in readable ASCII text fonnat to an 1Nl file stored in the 
application root directory. 
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Fig 6.26 Fibre tensioning setup screen 
6.4.7 Fibre load and tensioning 
The fibre tension is set using a motorized micrometer and measured by a strain gauge 
load celI that returns a calibrated analogue output that is proportional to the fibre 
tension. The micrometer control is handled by a Coherent Ealing PCMIOOO DC servo 
control card, which provides simple closed loop positional control of the micrometer 
position, which in turn is used to directly tension the fibre by stretching it between two 
clamps on the chuck. The setup screen is shown in figure 6,26. 
During the process cycle a separate display window is used to display the fibre tension 
parameters during operation. The tensioning can either be manualIy controlIed using jog 
buttons or automaticalIy set from the parameter setup. Automatic setting occurs as part 
of the fibre load cycle before the exposure sequence is allowed to start. 
146 
Ere/mer laser SI'stems & UppllcatlOllS 
Pressing on the Load Fibre button on the main menu starts the process cycle. This 
causes the stages to move to load positions, overrides the door interlocks and prompts 
the user to load the fibre jig on to mounting pins on the stage. 
Once loaded the user presses OK and the fibre tensioning display is shown. The door 
interlocks are then re activated and the fibre clamped. A tensioning cycle is started. The 
user has the option to manually or automatically set the tension. The fibre tension is set 
using a motorized micrometer and measured by a strain gauge load cell that retlIms a 
calibrated analog output that is proportional to the fibre tension. When the fibre is 
correctly tensioned (as required by the process setup) the user is retlImed to the main 
menu. 
6.4.8 Process screen 
The process screen displays all relevant data for the Exposure of the grating on one 
screen. This is shown in figure 6,27 and this includes the following: 
a). An exposure dose control display showing target dose, current dose and dose per 
pulse. The laser repetition rate and current laser shot count are also displayed. A real 
time plot window showing the laser pulse shot history is displayed, together with a 
"fuel tank " indicator showing accumulated dose. 
b). Mask stage positions and fibre jig stage positions are shown, including the site 
number for multiple exposure operations. 
c). The fibre tension in grams is displayed. 
When an exposure cycle is complete the user is prompted to press the unload button. 
This moves the stages to the unload pOSition and overrides the load door Interlocks. 
When the fibre is unloaded the user is retlImed to the main menu. 
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Fig 6.27 Process screen, showing the fibre exposure dose controller. 
6.4.9 Summary 
For commercial reasons results showing gratings produced by this system have not been 
described; however the performance of the GWS system in production has been 
excellent, and it is one of the most advanced tools of its kind commercially available. 
Its excellent performance is due in no small part to the advanced integrated beam 
profiling and energy measurement systems described in this section. 
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6.5 Conclusions 
A range of excimer laser applications has been described. Micro machining is now a 
mainstream technology used in several advanced manufacturing applications. A wide 
variety of mass produced devices utilise laser tools in their production processes. The 
effective control and measurement of the laser beam intensity profile is important to 
maintaining the reliable operation of production tools. 
In this chapter two very different laser tools have been described. Both tools serve 
practical micro fabrication applications on an industrial scale and both tools feature 
integrated beam diagnostics as an integral part of their design. They serve as good 
examples of state of the art laser processing tools and show how beam diagnostics are 
important to advanced manufacturing applications. 
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CHAPTER 7 
INDUSTRIAL MICROMACHINING SYSTEMS 
7.1 Introduction 
Laser based micromachining using frequency converted solid state lasers is now 
possible on an industrial scale thanks to improvements in laser design and materials [1], 
[2]. Several novel machine architectures have been developed to bring micromachining 
into mass production enviromnents. This chapter descnbes two micro machining 
systems that use solid state lasers. The first system combines high speed galvanometer 
scanning mirrors with linear motor translation tables. The second system utilises fast 
stages and sophisticated multi beam optics. All of these systems use advanced beam 
monitoring and diagnostic systems to assist in calibration and alignment and are 
designed to meet the exacting requirements of industrial users. 
7.2 The M5000 Flat Panel Display processing system 
It is now possible to use frequency converted Nd:Yag and Nd:Vanadate lasers in a 
number of new and traditional applications [3],[4]. These solid state lasers promise 
much lower capital and nmning costs than excimers, and moreover they also allow new 
machine architectures to be implemented that offer greater speed and flexibility over 
their excimer laser based counter parts. 
In conventional excimer systems material is processed using a combination of linear 
translation tables for both imaging mask and workpiece [5]. Using a 3rd harmonic 
Nd: Yag laser a combination of galvanometer scanners and linear stages can be used. In 
this architecture the Nd: Yag laser operates on the workpiece in a direct write mode as 
opposed to mask imaging as used in an excimer based system. 
This machine architecture was developed for a European program for the manufacture 
of LCD (Liquid Crystal Display) panels. LCD components are made up of multiple 
152 
Industrllll nllcromachmmg s),stems 
layers, e.g. an orientation layer for the alignment of the liquid crystals, and an IndlUm-
Tin-Oxide (ITO) layer a transparent semiconductor, to apply an electrical field to the 
liquid crystals. The display is fabricated by sandwiching two glass panels together. In 
order for electncal contact to be made between the front and rear panels, a polyimide 
overcoat must be locally removed without damaging the ITO layer underneath. The 
current production method uses large printing screens and a special abrasive conductive 
glue, which abrades the polyimide off the ITO-surface during the printing and 
overlaying process. This process has the disadvantage of requiring a new pnnting 
screen to be fabricated for each new layout of LCD panel. The alternative of a direct 
write approach using a laser is more flexible as CAD data can be down loaded directly 
onto the machine controlJer negating the need to fabricate new masks 
Importantly an in-chuck beam profiling system was used to characterise the laser beam 
intensity distribution at the laser process plane. This provided significant benefits in 
realizing accurate fluence control and alignment at the workpiece. 
7.2.1 System Architecture 
For a viable production process the prototype machine had to laser pattern over 2000 
contact pads distnbuted over a 300 x 400 mm panel within 30 seconds. The only way to 
achieve this through put speed was to adopt a novel system architecture that combined 
galvanometer scanners with high speed translation tables. A diagram of the basic 
concept is shown in figure 7.1. 
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Figure 7.1: The machine control concept. 
Wavelength 
Scan Area 
Entrance Pupil of the Laser Beam 
Working Distance (between scan head 
and material surface) 
Maximum Positioning Speed 
Accuracy 
Step Response Time (for a 1 mm 
jump) 
Minimum Spot Size 
--High P~ecislon 
XV-Stages 
J 
Table 7.1: Technical Specification of the Scanner Set-Up [6] 
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Figure 7.2: Internal mechanical layout. 
The machine described here, built by Exitech Ltd, was reported at ICALEO 2000 
(October,2000 in Dearbom, MI ).11 uses a combination of galvanometer scanners with 
high precision X, Y linear stages. 
The galvanometer scanners consist of a pair of orthogonal mirrors driven by permanent 
magnet rotors. This provides for a very Iow mass arrangement with high acceleration. 
A flat field F-Theta lens [7] is used to focus the laser beam onto the workpiece surface. 
The pointing accuracy of the scanners is proportional to the scan lens focal length, 
hence increasing the scanner field decreases the accuracy, whereas a larger scanner 
field increases the processing speed. With a 50 x 50 mm field a typical positional 
accuracy of +/- IOJlm can be achieved, with process rates of 1000 points per sec. The 
effective workpiece translation speed (analogous to linear stage speed) is in excess of7 
meters per second with an acceleration of several G. By comparison linear stages are an 
order of magnitude slower. The technical specification for the scanners is listed in table 
7.1. 
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In order to overcome the limitations of a small scanner field size when processing large 
panels a "step and scan" approach was adopted that divides the workpiece area into an 
array of square tiles the size of a scanner field. The machine then processes each tile in 
sequence with the scanners and then steps between tiles using the linear stages. 
The galvanometer scanner was mounted on a Z axis linear slide to allow automatic 
focus adjustment. The linear stages were mounted on a granite slab for stability and to 
reduce sensitivity to vibrations. The mechanical layout of the system is shown in figure 
7.2. A specially designed multi zone vacuum chuck held the panels in place during 
processing. The stages were built in house by Exitech using Aerotech (Pittsburgh, 
USA) linear motors and controllers. They have a travel of 600 x 450 mm, and a 
maximum feed rate of greater than 500 mmls with acceleration in excess of 0.5G. The 
stage accuracy and repeatability is better than +1- 2 p,m, in part because an integrated 
, 
machine vision based automatic calibration system is used to map the absolute accuracy 
of the stages in two dimensions. 
7.2.2 Beam diagnostics and control 
The Machine control system (see fig 7.3) is based upon a standard Exitech design. It 
utilizes an industrial PC running MS windows NT4 and custom software. An Aerotech 
U500 motion controller is used for stage control together with a Scan Lab (Munich, 
Germany) RTC2 scanner control card. Additional control interfaces link to a custom 
machine vision system and a prograrmnable logic controller that manages peripheral 
tasks such as interlock control and safety beacons. 
The control system also integrates auto calibration and diagnostic systems designed to 
be useful in production environments. These features allow relatively unskilled 
operators to run the machine. These systems include automatic process fluence setting 
using an in-chuck power meter feeding back to the laser attenuator and a non contact 
height sensor for measuring wafer thickness and automatically adjusting focus height. 
Another innovation is automatic scanner calibration using an in-chuck CCD camera. 
Scanner field calibration is required to compensate for distortions in the scan lens. This 
can be mapped using the camera and the linear stages and then a calibration table 
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calculated. This feature also takes out misalignments in the optics and thennal drifts in 
the scanner. 
For automatic workpiece alignment a CCD camera and alignment microscope are 
included. Reference marks on the panel are located using a machine vision system and 
alignment offsets automatically calculated. Finally an on line laser beam pro filer is also 
included using another CCD camera. 
7.2.3 Applications 
The Exitech machine was originally developed for a European Union funded research 
project that involved the laser patterning of LCD display panels. These displays are 
fabricated as multi layer structures, including an orientation layer for the alignment of 
the liquid crystals and an indium-tin-oxide (ITO) layer that acts as a transparent 
semiconductor to apply an electrical field to the liquid crystals. Two panels are 
sandwiched together to make a full LeD display. 
In order to produce an electrical contact between the top and bottom panels, a thin (20 
to 40 um) layer of polyimide must be removed from contact pads located at various 
posItions over the LCD panel, without damaging the ITO layer beneath. The 
conventional way to remove polyirnide is structure printing, which can be costly and 
time consuming as new printing screens must be made every time the display layout 
changes. 
However using a 3rd Harmonic YAG laser the polyimide can be removed with a single 
0.3 mJ laser pulse of 50 ns duration, the effective fluence at the workpiece being 0.8 
J/cm2 which is sufficient to remove the polyirnide without damaging the underlying 
ITO layer. New panel designs are easily accommodated by downloading a new CAD 
file without the need to fabricate new masks. In trials the Exitech machine processed 
more than 2000 contact points in less than 30 s on a panel 350 x 400 mm2 in size, 
which satisfied the throughput requirements of the production line. 
Another promising application for this machine tool is the direct scribing of metal 
interconnect structures for the electronics industry. Conventionally these structures are 
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produced using the same resist etch techniques as for printed circuit boards (PCBs). 
There can, however, be questions related to reliability of etch processes when 
fabricating very-high-density structures. Laser-based processing allowed direct-writing 
of circuits with just IO-!lm wide tracks by ablating a 5-!lm copper layer on an epoxy 
substrate. Using a telecentric scan lens with a 56-mm focal length, the machine was 
able to focus the laser beam to roughly 4 !lm using a laser source with an average 
output power of 1.5 W at 355 nm with a pulse repetition rate of 10kHz. 
The main control of the machine is implemented on an industrial PC running MS 
Windows NT4. As seen in the detailed diagram in figure 7.3, the computer hosts 
several control interfaces to various sub-components. For the stage control an Aerotech 
U500 motion controller PC-board is used. The U500 drives the xy-stages as well as the 
z-axis. The Galvanometer scanners are controlled by Scanlab RTC2 hardware, which 
also provides the laser trigger. Interfaces have also been implemented to a Vision 
system, the laser source, and a progranunable logic controller (PLC), which manages 
peripheral tasks like interlocks, shutter, and illumination. Besides these sub systems, 
several novel features have been added to the machine tool, which automate calibration 
and setup allowing easy use in factory environments by semi skilled personnel. These 
features are described as follows: 
Power calibration: The laser power can be measured automatically by a power meter. 
This can be used to adjust the beam attenuator automatically using the U500 axes 
controller (the attenuator is defmed as an axes in the system), enabling a process 
specific beam energy to be set at the work piece. 
Automatic scanner calibration: The relationship between distance moved at the 
workpiece and the angle of mirror displacement is non linear, being dependent on a 
number of factors including the lens design. By positioning a CCD-camera under the 
scan head and moving a defmed number of scanner steps the ratio between scanner 
positioning units and actual displacement on the workpiece can be calculated and fed 
back into a calibration file. 
Automatic work piece alignment: A high resolution CCD camera and microscope 
viewing optics are used for automatic work piece alignment. Pattern matching software 
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is used to identify alignment marks on the panel substrates, calculate alignment offsets 
and then align the panel. 
Automatic beam profile analysis: For diagnostic purposes, the beam profile can be 
analysed by a CCD-camera. This is essential for quality control and diagnostic 
purposes. 
Powerful User interface (GUI). The software is designed to be used even by 
inexperienced users. The interface is mainly based on graphics, supported by a touch 
screen panel. 
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Figure 7.3: Control system diagram of the prototype machine, showing integrated beam 
diagnostics. 
The prototype machine is shown in figure 7.4. For laser safety reasons the entire 
machine frame is enclosed and the process can only be observed from a laser safety 
window or by means of a viewing camera. This machine formed the prototype of a new 
machine series, the Exitech M5000, which is now widely marketed. 
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Figure 7.4: The industrial prototype 
For CAD data exchange a common drill file format used by the printed circuit board 
industry has been used. These formats contain the coordinates of the transfer points and 
information of the ablation geometry. A typical drill file has the following format: 
TOl 
X320.1SY94.26 
X320.1SY92.36 
X320.1SY90.46 
T02 
X220.0SY94.26 
X220.0SYSO.26 
X220.0SY92.36 
The TOn defines the ablation geometry and size and can be programmed to meet the 
users requirements. The numbers represent the x and y coordinates of the transfer 
points, belonging to the drill determined by TOn. After the drill file has been loaded 
into the controller, the main program divides the panel into sub-sections according to 
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the available scan area, then calculates the scanner commands and the axes coordinates 
for each of the sub-sections. Rotational misalignments of the panel are dealt with by 
rotating the scan field data in software as opposed to physically rotating the panel. This 
has the significant advantage of removing the need to incorporate a rotational stage in 
the system. 
7.2.4 Ablating Polyimide for LeD production 
As shown in the cross section of an LCD cell in figure 7.5 a & b, the polyimide 
(probimide 32, Ciba Geigy) layer has to be removed at contact points spread over the 
panel in order to form electrical contacts between the upper and lower ITO electrodes. 
The number of contact points can be up to 2000 on a panel of 350 x 400 mm', which 
can carry up to 16 single displays. The overcoat layer varies from 20 to 40 mn in 
thickness and must be removed from each 200 pm diameter contact pad without 
damaging the ITO layer beneath. ID order to do this accurate control of the laser pulse 
energy and focal beam profile is required. 
a) 
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Figure 7.5: Structure ofa typical Liquid Crystal Display 
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ID figure 7.6, the absorption for both materials, ITO and polyimide is given for the 
wavelength range between 200 and 400 run. These have been measured on 40 run thick 
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layers, each coated on a 1 mm fused silica substrate, which is nearly transparent at 
these wavelengths. 
Below 300 run, the ITO layer shows nearly 100% absorption, which decreases down to 
25% at 400 run. The polyimide layer has an absorption of 60% at 200 run, decreasing 
fairly linearly to 17% at 400 run. At the wavelength of the processing laser (355run) the 
absorption of the two materials is quite similar, resulting in a narrow fluence window 
for the process to be successful and hence the need for careful laser fluence control. 
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Figure 7.6: Absorption of 40 run layers ofPolyimide (probimide 32) and of 
ITO as a function of laser wavelength 
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Figure 7.7: Ablation ofPolyimide (Probimide 32) with KrF-Excimer laser 
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Figures 7.7 and 7.8 show comparative ablation trials using an excimer laser and the 
third harmonic Nd: Yag system. Although the excimer results are superior, the quality 
of the Nd: Yag system is adequate for the application. 
When using a 300 or 400 Nd:Yag system, the required 200 pm spot size can be achieved 
by partial defocus of the laser spot. This enlarges the approximately Gaussian profile 
ablation spot and reduces the fluence. The result is a near circular ablation geometry 
with diffuse boundaries. For both wavelengths shown in figure 7.8, 266 nm and 355 
nm, the polyimide has been removed without damaging the ITO. A pulse energy of 
0.25 mJ gives to an average energy density of 0.8 Itcm' in the case of 266 nm, In case 
of355 nm, 0.3 mI pulse energy gives I Item' average energy density. 
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Figure 7.8: Ablation ofPolyimide (probimide 32) with 300 ( 355 nm) and 400 (266 nm) 
Solid State lasers 
7.2.5 Industrial trials 
After completing material process studies and evaluation of the machine architecture 
the final assessment of the tool has been carried out on LeD display panels, forming 
the layout of a dashboard display for the automotive industry. The size of these test 
panels was 400 x 500 mm, yielding 12 displays after separation and assembly. The 
layout of the transfer points and a separated display cell are shown in figure 7.9. The 
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main goal was to process the 2000 transfer pads each of 200 pm diameter in less than 
30 seconds per panel, which is the operating throughput of the production line. 
~1 -~~ DD 
1111 
\ .. 
\ .. 
•• 
• • 
• 11 
Figure 7.9: The transfer pad layout and an assembled display 
For the tests three processing techniques were investigated: 
I). Trepan the 200 flm pad using a tightly focused 12 flm spot with low pulse energy. 
2), Defocusing the laser beam to 200 flm and ablating the sample with higher pulse 
energy 
3), Expanding the laser beam and using mask imaging to project a 200 flm disk onto the 
work piece. 
The trepanning method exhibited at very low energy densities traces of damage to the 
ITO layer. Due to the small focal spot size and the high peak intensity it was not 
possible to accurately control the depth ofthe ablation process, 
The large spot defocus method exhibited non-uniform results. Only in the centre of the 
scan field were the results satisfactory, This is because at the limits of the scan field the 
laser spot geometry is distorted due to aberrations in the f-theta scan lens, which 
exhibits significant coma and spherical aberration, 
The mask imaging technique yielded the best results, giving constant ablation profiles 
over the whole scan field . By expanding the laser beam so that only the centre of the 
beam with an approximately constant intensity profile can pass through the imaging 
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mask, a nearly top-hat intensity profile is imaged onto the work piece. In order to keep 
within the limits of the depth of field of the lens, the scan field has been reduced to 50 x 
50 mm, thus reducing aberrations. Although this increases the number of scan tiles and 
therefore stage moves, the throughput was still within 30 seconds per panel. 
The laser processed sample panels were put back into the production line, where they 
were processed and assembled into finished displays . A microscopic view of a laser 
processed contact pad after assembly is shown in figure 7.1 O. Within the ablated pad 
Gold contact balls can be seen. Remarkable is the fuzzy contour of the ablated area 
compared to the original circular ablation geometry. While the geometry of the contact 
pad directly after the laser process is circular with defined edges, after assembly of the 
cell, the polyimide has separated from the edges and has diffused into the contact area, 
causing a visible fringing effect. One reason for this separation may be due to heat 
induction in the surrounding material, changing the bond forces between the ITO and 
polyimide layer. This might cause the diffusion of the polyimide and create the visible 
fringes when the cell is filled with the liquid crystal. However, as can be seen in the 
photograph, there is still enough uncovered ITO surface for electrical contact between 
the layers. 
Figure 7.10: Micro photograph of an ITO transfer pad after assembly. 
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The laser processed displays were then tested using the procedures for high quality 
Automotive LCD panels. The customers of such displays require 100% test of every 
single display under varying temperature conditions, simulating the temperature 
changes in a car between winter and summer. During test, 157 panels out of the 160 
laser processed passed the 100% electrical and optical final inspection at Optrex Europe 
GmbH. This was an excellent result and fully demonstrated the viability of this 
machine architecture within a production environment. 
7.2.6 Applications in the Electronics Industry 
Using scarmers to manipulate UV laser radiation already has great potential in the 
electronics industry. Here applications are presented which involve the machining of 
copper and dielectric composites in printed circuit boards. The drilling of 35 [lm thick 
copper foil as shown in figure 7.lla was carried out by trepanning the focus sed laser 
beam in an outward spiral pattern. The wavelength was 355 nm, the pulse energy 2.5 
mJ with a pulse repetition rate of I kHz. The system is capable of drilling 25 holes per 
second. In a multi-layer printed circuit board this technique is used to produce so called 
blind vias, where both the top copper layer and the dielectric under layer are removed. 
a: 35 ~m Cu Foil b: Cu - FR4 Composite 
Figures 7.11 a,b,c,d Drilling of Copper and Copper-FR4 multi-Layer 
boards 
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Another potential application is the patterning of high resolution electrical 
interconnects. The example given in figure 7.12a shows a pattern, generating by 
ablation of 5 llm copper on an epoxy substrate. The lines of width 10 llm have been 
machined using a 56 mm focal length telecentric scan lens, which focuses the laser 
beam to a 4 llm spot. The laser source had an average output power ofPAv = 1.5 W at A 
= 355 nm with a pulse repetition rate of fp = 10 kHz. In Figure 7.12b samples were 
machined in 2511m thick polyimide on copper, they show 25 llm wide tracks. 
Polyimide is often coated onto copper to form a dielectric layer in the manufacture of 
multilayer printed circuit boards. 
a: Cu on Epoxy 
7.2.7 Discussion 
b: Polyimide on Cu 
20 ~m 
1--1 
Figures 
7.12 
a,b,c,d 
Patterning 
of Copper 
This project demonstrated that a laser process and machine tool architecture could be 
successfully developed to meet requirements of a real production line. The positioning 
accuracy reached with this tool was better than 2 llm, with a maximum panel size of 
450 x 600 mm. The laser machine tool was capable of ablating 2000 contact pads on 
one panel in 30 seconds, which is the current throughput of the existing production line. 
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By applying a laser based process, the printing of the contact pads with cliches screens 
can be replaced, leading to greater flexibility and reduced clean room storage 
requirements for the printing devices. The final test failure rate of these laser processed 
displays was 3 to 4% which is equivalent to the existing non laser process. 
Besides the production of LeD displays, this machine tool has applications in micro 
and precision engineering. The machine architecture is very flexible and can be used to 
perform a wide variety of processes in organic and inorganic materials for volume 
production as well as for research. The implementation of auto-calibration and 
diagnostic systems gives the machine a high level of accuracy and reliability. The 
automatic work piece alignment and focusing system contribute to hands free 
operation. Potential applications for such a machine tool besides the patteming of 
displays are the drilling of printed circuit boards, the marking of chip substrates and 
rapid prototyping. 
Importantly an in-chuck beam profiling system was used to characterise the laser beam 
intensity distribution at the laser process plane. This provided significant benefits in 
realizing accurate fluence control at the workpiece. 
7.3 The M9000 Micro fabrication tool 
excimer lasers and Nd:Yag lasers are now employed in many industrial systems and are 
widely regarded as a mature technology. These lasers are in use worldwide in many 
configurations and this section will address recent advances made with these systems. 
In particular, the use of high repetition rate Nd:Yag lasers to pattern large areas rapidly, 
and fabricate microstructures, will be described. A picture of the system is shown in 
figure 7.13 
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Fig 7.13 
The Exitech M9000 
micro-structuring 
system 
7.3.1 Microvia fabrication and interconnect patterning 
The current generation of solid-state lasers (e.g. Nd:Yag, Nd:YVO), Ti :Sapphire) and 
some gas lasers (e.g. CO2 lasers) offer a large number of attractive benefits which 
include: 
a) . Large wavelength coverage (either directly tunable lasers or frequency-converted 
models). 
b). High repetition rates (many tens to hundreds of kilohertz). 
c). Different pulse durations. 
d) . Wide range of output powers. 
e) . High efficiencies (especially with diode-pumped lasers) . 
f). Relatively small sizes. 
g). Relatively low running costs. 
Mainly due to these reasons, many applications such as via hole drilling, solar panel 
scribing, display panel production and marking and cutting of devices or products use 
these lasers. In almost all cases, the technique of direct writing, or serial scribing, is 
used. 
In direct write systems, the laser beam is focused to a small spot using a lens and either 
the beam or the sample (or both) is moved around to produce the desired pattern. In 
some cases, additional galvanometer-controlled scanning mirrors are also included. If 
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scanning mirrors are used, then a flat-field lens is required as this keeps the focal plane 
Mirrors 
Scan Field 
Figure 7.14. Direct writing using Galvanometer 
scanners. 
position constant irrespective of the angle of the beam being deflected from the 
scanning mirrors. Beam spot sizes of a few tens of microns can be easily achieved with 
such systems and the combination of scanner mirrors and high repetition rate lasers 
means that very high processing speeds can be achieved. Such as system is shown in 
figure 7.14. 
One drawback wluch has always existed with the type of system shown in figure 7.14 is 
that individual scan fields need to be joined (or "stitched") together to form a large area 
pattern. Hence, the process can be termed step-and-scan since the processing is 
performed for a scan field, the laser turned off, the sample moved to the position of the 
next scan field and the patteruing re-started. This stepping aspect of this process, when 
no processing is taking place, obviously causes an increase in the total patteruing time. 
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Even though the stepping time delay is only a few hundreds of milliseconds, it can 
produce significant cumulative effects on total processing times for large samples, 
which in turn can severely impact the economic attractiveness of the whole process. 
7.3.2 Sync Scan 
A solution to this step-and-scan approach is to move the sample continuously while the 
scanner scans the beam over the area in the scan field. This approach has been extended 
using sophisticated digital signal processing to synchronise the position of the sample 
and the scan field. Therefore, the sample can be moved continuously while the scan 
field of the scanner is continually updated to write a pattern continuously. This 
technique is called Sync Scan. 
One of the main advantages of Sync Scan over mask projection techniques is the 
flexibility of not requiring a mask. The design of the pattern to be produced can be 
generated using CAD packages and the data file can be directly interfaced with the 
Sync Scan system. This also allows great freedom in assessing different designs 
quickly just by altering the code data. 
Sync Scan operates by dividing the patterns into rectangular sections where the length 
of the rectangle is the size of the scan field. The width of the rectangle is typically a 
few hundred microns in size and the sample stages move along this direction. 
Therefore, the scanner mirrors scan along the length of the rectangle and the sample 
stages move orthogonal to this. During the motion, the scanner mirrors are supplied 
with continuously updated pattern data so that constant patterning can take place. 
Typical scanning speeds of galvanometer mirrors are of the order of a few metres per 
second and the sample stages move at modest speeds of -lO-20mm1sec. The typical 
size of a scan field is currently between 20-lOOmm and this means that positioning 
accuracies of a few microns can be obtained. 
The Sync Scan approach is also finding industrial applications in the laser drilling of via 
holes in PCB boards where speed of processing is also a key factor and where the positions 
of individual via holes are fed into the system through CAD data files. 
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Figure 7.15 shows an example of the output of the Sync Scan system where an 
electrode pattern for an inter-connect package has been written into a sample plastic 
(for demonstration purposes only). The width of the pattern is -95mrn and individual 
electrodes are -55/lffi in width, as shown in the inset. The use of Sync Scan in the 
manufacture of display devices is lIkely to be a major application. 
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Figure 7.15. Electrical inter-connect structures for display devices patterned using 
direct writing with Sync Scan. 
The technologies for the various types of displays planned for the next few years are all 
biased towards the development of larger areas, and this can impose severe limitations 
on their manufacture if only conventional lithography and etching techniques are to be 
used. The direct patteming of the various layers of the display panels is a very attractive 
and flexible option as it allows a variety of designs to be produced relatively easily with 
the same system and the size of the panels which can be processed is only limited by 
the size of the XY stages. 
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7.4 M9000S Solar cell scribing tool 
Figure 7.16 The M9000S Wafer scribing System 
7.4.1 Description 
The M9000S tool is designed for the high speed, high throughput processing of 6" 
silicon and poly silicon square and pseudo square wafers for the creation of solar cells 
using buried contact technology. The tool is suitable for both grooving and isolation 
processing. The grooving cutting is performed on the top surface of each wafer while 
isolation cutting is from the rear, followed by edge breaking. 
The system uses a single high power high repetition rate Nd:Vanadate laser operating 
onto 2 wafers simultaneously. For grooving operations the beam from the laser is split 
into a total of 4 beams with two beams operating on each wafer. Both wafers are on 
chucks situated on a single set of high speed X, Y translation stages. A series of contact 
grooves are first cut in one direction following which the stages are moved 10 an 
orthogonal direction to create multi groove busbar structures. 
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Chuck loading and unloading is carried out automatically from (and to) dual cassettes 
of wafers using a dual arm robot. Pairs of cassettes are transferred into and out of the 
tool via 2 automatic turntable units. 
The machines have been designed to meet the exacting requirements of multi shift 
production having high performance stages and highly stable optical systems. Beam 
power, position and profile diagnostics are integrated into the tool at appropriate 
locations to give the machine high levels of accuracy and reliability. 
7.4.2 Scribing silicon 
This machine is designed to scribe interconnect grooves into the top surface of mono 
crystalline Silicon solar cells (8). The grooves are nominally 20 Ilm wide by 40 Ilm 
deep and the current system achieves a 650 mm per second cut speed using 8 W of 
diode pumped Nd:Vanadate laser power at 1064nm and 150 kHz repetition rate. Using 
an 8 Ilm diameter Gaussian focal spot this corresponds to 50 IlJ per pulse, with a 
fluence in the region of 100 J/cm2 at the focus. Examples of scribed groves are shown 
in figures 7.17. 
A single 40 W laser is split into 4 separate beams using polarization splitting; two 
beams per wafer are then used to process two wafers simultaneously on the chuck. A 
fast dual arm wafer-handling robot is used to transfer wafers from the chuck to wafer 
cassettes. Beam pro filers are integrated into the main beam lines to aid laser alignment. 
An In-chuck pro filer is fitted to assist in the setting of beam offsets and focus, the 
process being sensitive to focus offsets of less than 10 Ilm. 
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Figures 7.17 (a) & (b). 40!lm x 20!lm grooves 
scribed in Mono crystalline Silicon 
7.4.3 Control System 
The control system layout is shown in figure 7.18. The system control is via an 
Industrial PC running MS Windows NT4. The control system integrates motion control 
with machine vision and signal data acquisition. This allows single screen operation via 
a touch screen, fully integrated beam diagnostics and a simple user interface. The robot 
loader system has its own control unit that is linked via an RS232 interface to the main 
control PC. Beam profiling is implemented using a Matrox Orion Vision card, the same 
hardware as used in other systems described in this thesis. The layout of the in line 
beam profiling cameras is shown in figure 7.19. 
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Figure 7.18 . The M9000 S Control system 
7.4.4 Optical system 
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Fig 7.20 shows the layout of the various optical components in the workstation. The 
beam from the laser is split into two near identical arms, using a beam splitter. The first 
wave plate rotator Wl is situated just before the 50 % splitter Ml (48% P Split). Beam 
expansion telescope T1 is situated after the splitter mirror. This telescope has variable 
expansion and collimation ratios, which is useful for making compensation adjustments 
if the laser divergence varies over time. 
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Figure 7.19. Optics box showing in line beam profiling cameras. 
Beam balance is variable over a +/- 20 % range using the wave plate rotators. Mirror 
M3 steers the beam through the next wave plate rotator unit, and onto the fmal turning 
mirrors M4 (52% S Split) and M5 (99.9% HR), which split the beam into two again and 
direct it down through the focussing lenses, 11, L2 and onto the workpiece. Similarly, 
M2, T2, M6, M7, M8, L3 and L4 perform the same function for the left arm of the 
optical train. All optics are AR coated for use at 1.064urn. The optics are as follows: 
Ml = 4Sdegree P splitter, 48%, with X-Y angle adjust 
M2 = HR 99% S+P Mirror, with X-Y angle adjust 
M4, M7 = 45 degree, S splitter, 52% with X-Y angle adjust 
M3, M6 = HR 99% S+P Mirror, with X-Y angle adjust 
M5, M8 = HR 99% S+P Mirror, with X-Y angle adjust 
Wl, W2, W3 = Half wave plates, multiple order, AR coated 
T1, T2 = Beam expansion telescopes, variable zoom and collimation. 
Ll, L2, L3, L4 = Focussing lenses, AR, f=61mm, NA 0.19. 
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The internal layout of the optics within the workstation are shown in figure 7.21, all the 
components are mounted on precision optical rails within a sealed enclosure that can be 
purged with Nitrogen to avoid contamination and coating damage during prolonged 
operation. 
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Fig 7.20. M9000S Schematic Optical layout. 
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Fig 7.21 M9000S Internal optical layout 
The beam expanders are made by Rodenstock and have variable beam expansion and 
collimation. They are fitted with 4 axis adjustable mounts. The focussing lenses are 
made by Linos Photonics. They are fitted with independently adjustable micrometer 
screws for focus adjustment. 
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Focus 
Adjuster 2 
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Fig 7.22 M9000S Focus adjustment 
7.4.5 System Diagnostics 
A Molectron power meter is mounted on the chuck to record the laser power at the 
workpiece, as shown in figure 7.23. This allows monitoring and setting of the correct 
process power and automatic beam balancing. A CCD camera and microscope are bui lt 
into the chuck to form the in-chuck beam profiler, as shown in figure 7.24. This is used 
for setting beam offsets and finding coarse focus (to +/- 100 Ilm) . A monochrome CCD 
camera is mounted in the microscope viewing optics above the chuck. This allows 
alignment and inspection of samples on the workpiece. The vision and profiler displays 
are integrated into the control touch screen. A Keyence laser diode based height sensor 
is fitted for chuck levelling and wafer thickness measurement 
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Figure 7.23. The chuck assembly showing integrated power 
monitor. 
Figure 7.24. In-chuck beam profiling camera, mounted to 
the chuck. 
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7.4.6 Dust extract and assist gas 
Coaxial dust extract and assist gas nozzles are integrated around the focussing lenses; 
this is attached to the bottom of the optics boxes. The extraction pipe is connected to 
the plant extraction system (> 100 m3 !Hr) and has an I/O port for a fire control sensor. 
The assist gas is compressed dry Nitrogen and the flow for all 4 nozzles can be set on a 
pneumatics panel by an adjustable flow meter (up to 28 Ifmin). 
7.4.7.Translation stages 
Figure 7.25 shows Aerotech ALS2020 (top stage X) and ALS5000W (Bottom stage Y) 
high-speed linear motor translation stages that are used to move the chuck assembly. 
These stages are capable of high accelerations (3G) and translation speeds in excess of 
1 meter per second. They are forced air-cooled, to reduce thermal loading and prevent 
the ingression of Silicon dust. 
Fig 7.25. Linear XY translation stage assembly 
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7.4.8 Auto Loader systems 
A PRI DBM 2400 Dual arm robot is used to load and place wafers on the process 
chuck. Custom designed end effectors are used to pick up and place both blank wafers 
for grooving and patterned wafers for isolation. 
The loader turntables are driven by Aerotech ART 330 rotary stages. Adjustable 
mounts allow location of 25 or 50 wafer cassettes as required. The turntables are sealed 
against dust and laser light. The loader doors are locked under PLC control and 
interlocked to the system E Stop. Flashing buttons by the loader doors indicate that 
cassettes need to be changed (loaded or unloaded depending upon configuration) . 
• , / t· ~ 
"".' . 
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7.4.9 Process optimisation 
The power in each beam can be automatically set using the power balancing system. 
This uses the embedded in-chuck power meter to measure the power of each of the four 
beams in turn and adjust the power balance using the wave plate rotators. Adjustment 
of the beam expanders and laser focus allows control over the scribe groove width and 
depth. The nominal groove parameters for this production system were 40J.lm deep by 
20J.lm wide. These parameters were verified by examination under an interference 
microscope after the scribed wafers had been chemically etched. 
7.4.10 summary 
This tool has a number of new innovations that assist in reliable operation during 
production. It uses multi-beam optics in order to improve process throughput by 
scribing a single wafer with two beams simultaneously. For this to work reliably, the 
integration of an in-chuck beam pro filer is essential to the setting of beam offsets and 
focus when using multi-beam optics. Other innovations include the implementation of 
automatic beam balancing using half wave plates and polarising beam splitters. 
These machines are now being used for production and have a considerably higher 
throughput and reliability than previous generation Nd: Yag systems used for the same 
application. 
7.5 Conclusions 
Clearly there are many more applications for frequency converted solid-state lasers in 
micromachining and micro fabrication processes on an industrial scale. This is 
particularly true when these lasers are used with galvanometer scanners and high-speed 
translation tables. The machine tools described in this chapter demonstrate this well. 
Both tools serve practical micro fabrication applications on an industrial scale and both 
tools feature integrated beam diagnostics as an integral part of their design. They serve 
as good examples of state of the art laser processing tools and show how beam 
diagnostics are important to advanced manufacturing applications. 
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Further developments of these machine architectures continue, with even more 
advanced calibration and beam profiling systems. Indeed the next generations of wide 
screen flat panel displays could be fabricated using such machines. 
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CHAPTERS 
GENERAL CONCLUSIONS 
Over the past 15 years there have been remarkable advances in computer and sensor 
technology. This has had a major impact on the development of laser beam diagnostics. 
This thesis has described progress in the development of beam diagnostics from 
research instruments to industrial measurement tools. Improvements in computing 
power, algorithms, detectors and sampling optics have enhanced functionality and 
reduced implementation costs. 
The availability of reliable, modular software and hardware has benefited systems 
integrators allowing the use of beam monitoring in a wider range of industrial laser 
applications. This has been further enhanced by the standardisation of analysis 
algorithms that now allow direct comparisons between lasers from different 
manufacturers. This in turn has lead to the improvement of laser systems reliability 
contributing to a wider take up within manufacturing industry. Powerful industrial 
computers can now implement real time image analysis for laser process control and 
monitoring, further enhancing process quality and repeatability. 
To summarise the key conclusions of this thesis: 
I). The concept of threshold beam uniformity is first introduced, a measurement now 
included in the ISO standard for beam profile analysis. Practical examples of its use 
were described, particularly in the measurement of line beam excimer laser profiles in 
machines used for the annealing of Silicon for LeD displays. This is now a major 
application for excimer lasers with the majority of compact TFT displays used in 
cameras and camcorders fabricated this way. All of the manufacturing systems used for 
this application have integrated line beam diagnostics. 
2). Work has been presented that supports the ISO standards on laser beam 
characterisation. In general the ISO standards on beam profile measurement have been 
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widely accepted. The measurement of beam width is crucial to the accurate 
determination of beam propagation parameters and M2 has become the standard now 
used by almost all laser manufacturers for specitying laser beam quality. The use of 
truncated moments in the measurement of the second moment beam width has been 
demonstrated, proving very useful for the suppression of noise in practical applications. 
Many of the instruments commercially available for measuring M2 use moment 
truncation as a means for suppressing noise. 
3). The first use of .. in-chuck .. beam profiling in an industrial system has been 
demonstrated. This technique is an invaluable aid to the alignment and calibration of 
laser materials processing machines for diverse applications. These devices are now in 
use in a number of critical applications, such as the calibration of galvanometer 
scanners and the alignment of multi beam optics. Indeed without these devices it would 
be impossible to align and service such machine architectures; as such in chuck 
profiling could be considered an enabling technology for these applications. 
4). Descriptions have been given of two different industrial laser tools that incorporate 
integrated beam diagnostics. The first tool is used for the production of Fibre Bragg 
gratings using an excimer laser; the second tool is used for the scnbing of electrical 
contact patterns on mono-crystalline Silicon solar cells. For both of these applications 
the use of integrated beam diagnostics is crucial to the reliable operation of the tool. 
5). The development of a new machine architecture for micromachining applications, 
that combines linear stages with galvanometer scanners has been descnbed. This new 
machine architecture has been the subject of several conference papers and magazine 
articles. Though the initial application for this machine was for the laser patteming of 
contact pads on LCD panels, it now has a wide range of uses for device fabrication in 
the microelectronics industry. 
The author has developed beam analysis systems used in over 300 practical applications 
world wide, many of them to support new and novel processes. This includes the first 
use of an in-chuck profiling system for excimer lasers using a CCD camera. These have 
been a significant development for enhancing the perfonnance of high precision laser 
processing machines. 
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8.1 Future outlook 
hnprovements in detectors are opening up some interesting new possibilities. The 
development of large-scale 2 dnnensional pyroelectric and bolometer arrays is making 
accurate profiling of near and far infrared sources possible, which is of importance to 
the telecommunications market. The advent of low cost CMOS imaging arrays is also 
set to further increase the number of beam profiling applications. These devices offer 
high video frame rates and the possibility of making time resolved measurements in the 
order of ns. When coupled to the latest image acquisition hardware, these systems can 
process thousands of video frames per second. 
The whole field laser micromachining for industrial applications looks set to grow at a 
considerable pace. New developments in telecommunications (fibre Bragg gratings), 
printed circuit boards (micro via technology) and ink jet nozzle production are driving 
the state of the art forward. Indeed more material could have been included on a variety 
of relevant topics during the preparation of this thesis. 
It is pleasing that so much research and development work can be quickly transferred 
into real world applications, and be used in manufacturing industry worldwide. Indeed 
the equipment and techniques described in this thesis are already directly incorporated 
into machines that manufacture ink jet printer heads, CPU chips for super computers 
and even the marking of spectacle lenses, to name but a few. As long as mass 
production processes using lasers push further out the limits of speed, miniaturization 
and precision, the measurement and control of optical energy will remain an important 
topic of study. 
188 
Generlli Conclusions 
8.2 A history of beam diagnostics development. 
Table 8.1 lists the development history of the beam diagnostic systems developed by 
the author over a period of more than 15 years. 
~----~--------------------~--------------~~ 1984 Initial Video profiler development, using CCD cameras as part of final 
year project at Loughborough University for D.C.Emmony. 
~----+---------------------------------------~ 1987 Following on from [mal year project work at Loughborough and further 
work at the Rutherford Appleton Laboratory. P A joins Exitech Ltd to 
commercialise the instrument. 
1988 Exhibit the world's first commercially available UV Beam analyser, the 
P256D at the Birmingham NEC laser show in March. Sell the first system 
to Japan, visit Tokyo and install the system at the Japanese atomic energy 
authority (NAIG) in August. 
~----+=~--~--=-~----~~~------~--~~~~ 1989 Ship and install the second P256D system to Summit technology 
(Cambridge Mass) in February, the first ever use to characterise excimer 
lasers for corneal sculpting. Develop the P512 (higher resolution) using 
I the Matrox P!P640 card. 
1990 P256D production continues, develop the P256C and the EXI CCD 
camera for use with visible to IR wavelengths. First sale in March to 
CEGB research. Develop the PID spectrometer readout system 
~----+-------~----~------------~----~~~~ 1991 P256C production continues. Last P256D sold in November (total 17 
units). Now using UV sensitive CCD cameras. Exitech sells its first 
excimer laser processing tools, equipped with beam profilers. 
~----+---=-~~----~----~~~~~~--~----~ 1992 P256C production continues. Develop the P256NG using the Matrox !P8 
card, first sale in October to Gillette in Berlin, used for aligning Lumonics 
Nd:Yag lasers on their ground breaking " Gillette Sensor" razor 
I production line. 
1993 P256NG production continues. Present paper on beam characterisation at 
the second LBC meeting in Madrid in July. Last P256C sold in March 
(total 66 units). 
~----+---------~----~--------------------~~ 1994 P256NG production continues. Present paper on characterisation 
techniques at Berlin LBC in June. Develop Laser Sense software and 
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integrate into a super computer chip repair system for Hitachi Kanagawa, 
the first ever fully integrated UV beam diagnostics in a commercial Laser 
tool. Exitech is now a world leader in manufacturing excimer laser micro 
machining tools. 
1995 Develop the Exigrab PC card. Present a paper on ISO standards testing at 
SPIE Photonics West in February. Sell the first Exigrab system in June to 
IMEC in Belgium as part of a laser cleaning system. Develop M2 
measuring system for High power CO2 lasers, install at GIMT in 
Singapore on a Trumpf laser-welding cell. Last P256NG sold in 
September (total 60 units). 
1996 Exigrab PC card production continues. Present paper at Quebec LBOC III 
July on ISO standards testing; chair the session on Industrial beam 
diagnostics. Develop Laser Sense for Windows 95. Start work on 
Doctoral Thesis. 
1997 EXIgrab PC card production continues. Present paper at Munich LBOC in 
June on excimer line beam analysis. Develop a Labview beam profiler for 
a 193mn Lithography tool. Develop based Line beam analysis systems for 
Silicon annealing research using Matrox Pulsar vision cards. 
1998 Last Exigrab PC system sold, (total to September 49 units). Continue 
development of integrated beam diagnostics using Matrox vision cards. 
2002 Currently over 300 beam profiler systems in the field in over 17 countries, 
at least 100 of which are integrated into Laser processing systems. All 
Exitech Laser machines incorporate integrated Beam diagnostics and 
image processing. Submit Doctoral Thesis on laser beam characterisation. 
Table 8.1 A history of beam diagnostics development 
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